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In the preparation of the series of articles for the columns 
of the National Car and Locomotive Builder which 
are here collected in book form, the aim of the author was 
to combine the description of the various forms of com- 
pound locomotives which have been actually used, with so 
much of the theory of the design of compound engines as 
would seem to be directly applicable to locomotive prac- 
tice. 

An effort has been made to present an unprejudiced 
analysis of each type, and to point out such advantages and 
disadvantages as are apparently clearly demonstrable, while 
carefully avoiding matters of individual preference. 

Free use has been made of all available material, and 
the authority for data is in general given in the text. The 
author wishes to specially acknowledge his indebtedness to 
Engineering and to Mr. Anatole Mallet, civil engineer, Paris; 
Mr. A. von Borries, locomotive superintendent of the Han- 
over Railroad ; Messrs. Henry and Baudry, of the Paris, 
Lyons & Mediterranean Railway, and Mr. G. Du Bousquet, 
of the Northern Railway of France, for courteously supply- 
ing him with information concerning their designs. 

Champaign, Illinois, January, 189t. 
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The elementary theory of compound locomotives does 
not of course differ from that of other compound engines, 
whether they are condensing or non-condensing, or for 
stationary or marine purposes; but in applying the prin- 
ciples of compound engines to locomotives, while careful 
attention must be given to each of the many items which 
enter into the problem of designing any well-proportioned 
compound engine, it will be found that some factors, which 
are of comparatively small consequence in marine or sta- 
tionary work, become of importance in the locomotive. 
These differences arise largely from the wide range of 
power required from locomotives, and the practical neces- 
sity of keeping the valve gear and operating mechanism as 
free from complication as possible. On the other hand, the 
recent introduction of higher pressures and greater piston 
speeds in marine practice has rendered some of the work- 
ing conditions of marine engines and locomotives much 
more nearly alike than they have been heretofore. 

Elementary Indicator Cards.— The theory of the com- 
pound engine has been so thoroughly discussed by able writ- 
ers, particularly in text books on the marine engine, that 
any further discussion seems almost superfluous; but as the 
most satisfactory method of designing any steam engine is 
to start with the elementary theoretical indicator card, and 
alter and adjust it here and there as experience and the 
special requirements of the case dictate, we will follow that 
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method as far as practicable in considering compound loco- 
motives. The type of compound locomotive which most 
nearly resembles the ordinary form of simple engine is the 
two-cylinder receiver engine having the cranks at right 
angles, the high-pressure crank leading. In this form, the 
steam, after expanding in the high-pressure cylinder, is ex- 
hausted into an intermediate receiver from which the low- 
pressure cylinder is supplied. We will first consider the form 
of the elementary theoretical indicator cards from such an 
engine, and for the present will assume that there are no 
clearance spaces, that steam is admitted and exhausted ex- 
actly at the beginning and end of the stroke respectively, 
that the point of cut-off is sharply defined, and that irreg- 
ularity, caused by the angularity of the connecting rods, 
may be neglected. If with these assumptions steam is cut 
off at one-half stroke in each cylinder, the indicator cards 
would have the general form shown in Fig. 1. 

The upper card, a, 6, c, d, e, /, a, is from the high-press- 
ure cylinder and the lower card, e, f,g, /i, k, e, is from the 
low-pressure cylinder. The cards are shown as they would 
be traced by the pencil of an indicator, which is applied 
first to one cylinder and then to the other, the same spring 
being used and both cards having the same length. The 
two cards are then fitted together as shown in Fig. 1, so as 
to represent the successive actions of the steam in the two 
cylinders, the cranks being at right angles. Referring to 
the high-pressure card, a & is the admission line and b c the 
expansion line, as in a card from a simple engine. At c 
the high-pressure exhaust opens, connecting the high-press- 
ure cylinder with the receiver, and the pressure falls to d. 
The conditions which control this drop in pressure c d will 
be discussed later. As we have assumed a cut-off at one- 
half stroke in each cylinder, the steam valve of the low- 
pressure cylinder closes just as the high-pressure piston 
reaches the end of the stroke at c. Hence, as the high-press- 
ure piston makes the back stroke, the steam is compressed 
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in the high-pressure cylinder and receiver until one-half the 
back stroke is accomplished at e. Here the low-pressure 
valve opens, admitting steam from the receiver to that 
cylinder, and from e to /there is free communication be- 
tween the exhaust side of the high-pressure cylinder, the 
receiver, and the steam side of the low-pressure cylinder. 
At / the high-pressure exhaust valve and the low-pressure 
steam valve close, and the steam expands in the low-press- 
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ure cylinder to the end of the stroke g, when it is exhausted 
into the atmosphere as from a simple engine. The remain- 
ing lines of the cards do not differ from the corresponding 
lines in cards from simple engines. 

Formulas for CALCULATma Pressures.— For calculat- 
ing the pressures at the various points in the cards we can 
without serious error make use of the ordinary formulas for 
"moist steam," or in other words, assume that pressures vary 
inversely as the volumes, the curves of expansion and com. 
pression then being rectangular hyperbolas. On this basis 
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mean pressures for such lines asabc are determined by the 
formula pm = Pi —- — — — (1). This will be recog- 

V 

nized as the ordinary formula for mean pressures, and in 
which pi is the absolute initial pressure, r is the ratio of 
expansion, and pm is the gross mean forward pressure. 
The absolute pressure is the gauge pressure plus the atmos- 
pheric pressure, which is ordinarily taken as 14.7 pounda 
per square inch. Tables of hyperbolic logarithms or of 

values of the fraction ^- — — — for various values 

r 

of r are given in almost all books on the steam engine, and 
will therefore be omitted here. As an example of the ap- 
plication of the above formula, let the gauge pressure at 
the point b in Fig. 1 be 145.8 pounds per square inch, so that 
the absolute pressure will be 160 pounds. As cut-off takes 
place at one-half stroke the ratio of expansion r = 2, and 
therefore the final pressure in the high-pressure cylinder 
will be one-half of IftO = 80 poimds. From the tables pre- 
viously referred to we find that for r = 2, jpm = .847 Pi, and 
therefore Pm = .847 X 160 = 135,5 pounds absolute pressiu-e, 
which is the mean pressure between a and c measured from 
the zero line of pressures. This formula is applicable to 
such lines of the card as a & c when a & is parallel to the 
atmospheric line, as it is practically in engines supplied 
from a boiler and working at slow speeds. For calculating 
the mean pressure between h and c, d and e, e and /, or for 
other expansions or compressions in which the part of the 
card considered is wholly curved, or where no line of con- 
stant pressure as a & is included, the formula 

Pm = Pi -^ — Y — (2) is to be used. This formula is de- 
duced from the same theoretical considerations as the one 
given above, and the letters represent similar quantities. 
The former covers tlie whole stroke from a to c, and the 
latter only the curved part of the card as from 6 to o. For 
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example, the pressure at & is 160 pounds and the volume at 
c is twice that at 6. The ratio of expansion is therefore 2, 
and by reference to a table of hyperbolic logarithms we find 

AQO 

Pm = 160 5^ — :r = 160 X .693 = 1 10.9 poimds between 6 and 

c. This is for one-half of the stroke, and for the first half, 
from a to &, the mean pressure is 160 pounds, therefore the 

Average for the whole stroke would be j. — = 135.5, 

which is the same as calculated by the first formula. 

To avoid needless repetition, the following symbols, which 
will hereafter be used, are here inserted: 

V = volume of high pressure (h. p.) cylinder in cubic 
inches. 

V = volume of low pressure (1. p.) cylinder in cubic 
inches. 

C = volume of receiver in cubic inches. 

R = ratio of the two cylinders. 

Pressure in the Receiver. — ^As before stated, there is 
in the case illustrated by Fig. 1, compression in the h. p. 
cylinder and receiver from dtoe, and expansion in the h. p. 
cylinder, the receiver and the 1. p. cylinder from e to /. How 
much the pressure varies between rf, e and / depends upon 
the capacity of the receiver as compared with the h. p. and 
1. p. cylinders. In the present case, assimie the capacity of 
the receiver to be equal to that of the h. p. cylinder, or C = 
V, and let the pressure at e be taken at 96 pounds. At d the 
steam fills the h. p. cylinder -f receiver, and at e it fills one- 
half the h. p. cylinder 4- receiver ; therefore the compres- 
sion is from V + C = 2 v to .5 v 4- C = 1.5 v, and the ratio of 
compression is2v-Hl.5vr=1.33. The pressure at dis then 
^6 X .75 = 72 poimds, and by formula (2) the mean pressure 
between e and d is 96 X .86 = 82.6 poimds. At /the vol- 
ume occupied is that of one-half the 1. p. cylinder -+- receiv- 
er. Assimiing for the present case that the 1. p. cylinder is 
2.5 times the h. p. cylinder, or B = 2.5, the expansion will 
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be from 1.0 v to 



2.5 V 



C = 3.S6 w 



T the ratio of ezpao- 



BioQisS.3Qv-»- 1.0 V >= 1.5, The pressure at /is then 96 X 
.07 = 64 pounds, and by formula (2) the mean pressure be> 
tweeneand/isSe x -81 = 77.8 pounds. The following 
tableshows thepressuresatthepointa d, eand/of the h. p. 
indicator card with receivers having capacities of v, 1.0 v 
and 3 V, and with cylinder ratios of 2 taid. S.5, which give 
a sufficiently wide range to cover present practice in com- 
pound locomotives: 
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An examination of this table shows that, with the as- 
sumed cutK>S8 and relative volumes, the actual pressure in 
the receiver during one stroke may vary as much as S6,7 
pounds, and that in all of the cases given the pressure at /, 
or the point of 1. p. cut-off, is considerably below that at e, 
while the mean pressure between e and / does not differ 
much from the mean pressure in the receiver. In design- 
ing compound engines the pressure in the receiver is 
frequently assumed as constant. 

It will be seen from the above that this assumption does 
not introduce any serious error as far as the h. p, back 
ptesBure and the 1. p. mean pressure up to the point of cut- 
oSare concerned. But as the pressure at/ is considerably 
below the mean receiver pressure, the mean pressure be. 
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tween / and gr, calculated on the basis of a constant receiver 
pressure, will be too high. In many cases, however, it is 
well-nigh impossible to predetermine the receiver pressure 
by calculations, and the best that can be done is to estimate 
it from the known pressure f Q)ind in similar engines in 
practice. The nature of these difficulties will appear later, 
and for the present we will continue to calculate pressures, 
assuming as before that there is no condensation in the re- 
ceiver. The table also shows clearly one result of chang- 
ing the relative capacity of the receiver, viz., that the 
larger the receiver the smaller are the variations in pressure 
in it during a stroke. 

Final Pressure; Total Expansion.— In a compound en- 
gine, a certain fraction of the h.p. cylinder is filled with steam 
from the boiler at each stroke, and after expanding in both 
cylinders this mass of steam finally fills the 1. p. cylinder be- 
fore it is exhausted into the atmosphere or condenser. 
For example, if the cylinder ratio is 2.5 and the h. p. cut- 
off is at one-half stroke, .5 1; is the volume admitted from 
the boiler at each stroke, and this finally fills the volume 
2.5 V before it is exhausted. The steam is therefore ex- 
panded to five times its initial volume, or the ratio of total 
expansion is 5, and the final pressure at which it is ex- 
hausted will be one-fifth of the initial pressure, or 82 
poimds in the case we have used for purposes of illus- 
tration. Similarly, if the h, p. cut-off was at three- 
eighths stroke the ratio of total expansion would be 
2.5 X I = V = 6t> Mid the final pressure in the 1. p. cylin- 
der would be three-twentieths of 100 = 24 pounds. It 
will be noted that the only data required in determining 
the total e2q)ansion and final pressure are the ratio of the 
cylinders and the h. p. cut-off, or, in other words, these 
results are independent of the capacity of the receiver and 
of the 1. p. cut-off. The effect of the size of the receiver is 
seen in the shape of the indicator cards due to the compres- 
sions and expansions ; but how many or how large these 
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variations are does not affect the final pressure. The office 
of the 1. p. cut-off is to control the division of the work be- 
tween the two cylinders. In a compound engine, which 
exhausts into the atmosphere, the steam can be expanded 
economically until the boiler pressure is reduced to the at' 
mospheric pressure. Steam at 160 pounds absolute could, 

therefore, be expanded rj^ = 11 times, nearly, if it were 

not for losses of pressure by wire-drawing, condensation, 
etc. In two-cylinder compoimd locomotives, large ratios 
of expansion are practically luiattainable on account of the 
large 1. p. cylinders necessary. 

Drop in Pressure in Receiver. — We are now prepared 
to show how the receiver pressures which have been as- 
sumed can be calculated. Taking as before, i2 = 2.5, C = 
V, h. p. cut-off at one-half stroke, and 1. p. cut-off at one- 
half stroke, we have the final pressure at the end of the ex- 
pansion in the 1. p. cylinder equal to one-fifth of 160, or 32 
pounds. The ratio of expansion in the 1. p. cylinder is 2, 
therefore the pressure at the point/ is 32 X 2 = 64 pounds. 
Then, knowing the ratio of expansion from e to /, as al- 
ready calculated to be 1.5, we have the pressure at 
e = 64 X 1.5 = 96 pounds, which was assumed for the 
time in calculating the variations of pressure in the re- 
ceiver. Working back from this still further, we find the 
pressure at c2 as before, 72 pounds, and as the pressure at c 
is 80 pounds, there has been a drop in pressure of 8 pounds 
when the h. p. exhaust opened. When the 1. p. steam valvo 
closed at/, the pressure of the steam left in the receiver 
was 64 pounds. Then when the h. p. exhaust opened, the 
steam which filled the h. p. cylinder at a pressure of 80 
pounds mixed with this, and gave a resulting pressure of 
72 pounds. This drop represents an actual loss in the effi- 
ciency of the steam in the engine, since when it occurs the 
steam expands without doing useful work. It can be readily 
avoided, but in remedying this defect we may introduce 
others which are of more importance. 
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To prevent drop, it is only necessary to adjust the cut-off 
of the 1. p. cylinder so that the volume of steam drawn by 
it from the receiver equals that of the h. p. cylinder. For 
instance, with the dimensions already given in this para- 
graph, it will be evident that when the 1. p. cut-off is at 

5-= or two-fifths of the stroke, there will be no drop, be- 

cause two-fifths of the 1. p. cylinder is equal to the whole 
h. p. cylinder in volume, and if we withdraw from the 
receiver at each stroke a volume which is equal to that re- 
ceived from the h. p. cylinder, the pressure in the receiver 
will not be reduced. This can also be readily shown by 
calculating back from the final pressure in the 1. p. cylinder 
as before. Suppose e/ to represent two-fifths of the 1. p. 
stroke instead of one-half, as shown in the figure, then the 
pressure at/ would be 32 X t = ^^ poimds, which would 
be the pressure in the receiver when the h. p. exhaust 
opened ; and as this is also the final pressure in the h. p. 
cylinder, there would be no drop. There is, of course, 
always more or less drop due to wire-drawing and friction 
in passages which cannot be prevented, and it must also be 
borne in mind that all of these calculations are based on the 
assumption that pressures vary inversely as the volumes. 

Mean Effective Pressure ; Equivalent Pressure in 
One Cylinder. — With the data already used the mean for- 
ward pressure in the h. p. cylinder was found to be 135.5 
pounds. The mean receiver pressure, or h. p. back press- 
ure, is 80.3 pounds, and thus the mean effective pressure 
in the h. p. cylinder is 135.5 — 80.2 = 55.3 poimds. For 
the 1. p. card, the mean pressure between e and / was 
foimd to be 77.8 and the pressure at/ was 64 pounds. By 
formula (2) the mean pressure between/ and gr is 64 X .693 

« 44.4 pounds. The mean forward pressure for the stroke 

77 8 4. 44 4 
is then — '■ — g — '— = 61.1 pounds, and assuming a back 

pressure of 18 pounds, or 3.3 above the atmospheric press- 
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ure, the 1. p. mean effective pressure will be 61.1 — 18 = 
43.1 pounds. 

As the ratio between the cylinder areas' is 2.5, assuming 
the stroke to be the same in both cylinders, as it generally 
would be in practice, one pound per square inch on the 1. p. 
piston is equivalent to 2.5 pounds per square inch on the h. p. 
piston. We can thus readily find the effective pressure in a 
single cylinder, which is equivalent to the effective press- 
ure in the two cylinders of the compoimd engine. Ordi- 
narily the mean pressure is thus referred to the 1. p. piston, 
although a reference to the h. p. piston is more convenient 
for some purposes. In the present case, the effective h. p. 

55 3 
pressure referred to the 1. p. piston is -oV= ^'^•^* "^^^ totsl 

effective pressure referred to the 1. p. piston is then 22.1 + 
48.1 = 65.2 pounds. From this we find that the proportion 
of the total work which is done by each cylinder is, in h. p., 

^^ = .34, and in 1. p. r^ = .66. If the press es are re- 
00.2 '^ 65.2 ur 

f erred to the h. p. piston, we have 43.1 X 2.5 -h 55.3 — 
107«8 + 55.3 = 163.1 as the equivalent pressure in one 
cylinder of the same size as the h. p. cylinder. A common 
practice has been to make the h. p. cylinder of a compound 
locomotive of the same size as one cylinder of the simple 
engine which it is intended to replace. On this basis the 
theoretical compoimd engine imder discussign would be 
developing the same work as the simple engine when the 
latter was developing a mean effective pressure of one-half 
of 163.1 = 81.6 pounds in each cylinder. 

Effect o ? CHANOiNa the Point of CuT-OFF.—If in Fig. 
1 the h. p. cut-off is made earlier, while the 1. p. cut-off re- 
mains as before at one-half stroke, a series of changes wiU 
be introduced, which are shown in full lines in Fig, 2, the 
lines of Fig. 1 being repeated in dotted lines. Assuming a 
cut-off at three-eighths stroke, the final pressure in the h. p. 
cylinder is 160 x I = 60 pounds, or at c' instead of c. Also» 
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as the total expansion is now 2.5 x f = V = ^i instead 
of 5, the final pressure at gr is reduced to g\ which repre- 
sents 160 X A = ^ pounds. Then, as the h. p. cut-off is 
unchanged, the pressure at/ is reduced to /^ or 24 x 3 = 
48 pounds. The steam which fills the h. p. cylinder at a 
pressure of 60 pounds is mized with an equal volume in the 
receiver at a pressure of 48 poimds, giving a resulting 
pressure at d of 54 pounds. The results of this change are, 
then, that the forward mean pressure in the h. p. cylinder, 




Fig. 2 



the pressure in the receiver, the initial pressure in the 1. p. 
cylinder, and the mean pressure in that cylinder are all 
less than before. The work done by the 1. p. cylinder is 
therefore less, while for the h. p. cylinder we have taken 
from one part of the card and added to another part. The 
total work done by both cylinders is, of course, less than 
before, but the proportion done by the h. p. cylinder is 
greater, and, in fact, the mean effective pressure in that 
cylinder has been increased. When both cut-offs were at 
the same point considerably more work was being done in 
the 1. p. than in the h. p. cylinder, but by making the h. p. 
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cut-off the earlier of the two there is less difference in work 
than before, or, in other words, the work may be equal- 
ized by this means. A similar effect will, of course, be pro- 
duced by making the 1. p. cut-off later than that of the h. p. , 
and conversely by making the 1. p. cut-off earlier than 
that of the h. p. the proportion of the total work which is 
done by the 1. p. cylinder will be increased. The following 
table calculated for R = 2 and C = 1.5 v will illustrate 
this: 



Cut-off. 


Mean 


Mean 


Mean h. p. 


Total mean in 


Propor'n 




press. 


press. 


press, referred 


one cyl. 


of work. 


h.p. 


1. p. 


b. p. 


1. p. 


to 1. p. 




h.p. 
.3 


1. p. 


J 


46.6 


54.0 


23.3 


77.3 


.7 


? 


n 


514 


39.6 


25.7 


65 4 


.4 


.6 




39.2 


48.9 


19.6 


68.4 


.29 


.71 


I 


•5 


31.5 


60.3 


15.7 


76.0 


.21 


.79 



In practice the pressure in the receiver may be less than 
that calculated, on account of losses in the h. p. cylinder 
and passages. The effect of a lower receiver pressure is to 
increase the proportion of work done in the h. p. cyUnder, 
so that by adjusting the valve gear to give an earlier cut-off 
in the h. p. cylinder than in the 1. p., the total work may 
be very nearly equally divided between the two cylinders. 

In Figs. 1 and 2 the 1. p. cut-off has been taken at one- 
half stroke, and it was assumed that release occurred in the 
h. p. cylinder exactly at the end of the stroke. If now we 
make the 1. p. cut-off later than one-half stroke, leaving 
everything else unchanged, there will be an exhaust from 
the h. p. cylinder, while the 1. p. steam valve is still open, 
wliich will increase the pressure in the receiver and cause 
what may be called a re-admission in th- 1. p. cylinder. 
This is illustrated by Fig. 3, in which the h. p. exhaust oc- 
curs at hf causing a rise in pressure to c, from which there 
is expansion as before in the h. p. cylinder, the receiver 
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and the 1. p. cylinder until the 1. p. steam valve closes at d. 
A similar effect will be produced by pre-release in the h. p. 
cylinder. An examination of a diagram such as Fig. 4 

a 




Fig. 3 

may make this subject more clear. In this Fig. b c repre- 
sents the stroke of the pistons and the circle the path of the 
crank pins. Taking the direction of revolution as indicated 
by the arrow, when the h. p. piston is at the end of a 
stroke or its crank is at ac, the 1. p. crank will be at a c% 
and the exhaust from the h. p. cylinder which takes place 
at this position of the cranks will cause the rise in the 1. p. 
card shown at c, Fig. 3. If the h. p. exhsaxst occurs before 




the end of the stroke, for example when the piston is at d, 
the 1. p. crank will be at a e^, and the 1. p. piston at g, caus- 
ing a rise in the 1. p. card as shown at k. Fig. 3. In cards 
taken from an engine this increase in pressure will of 
course be more gradual, and at high speeds may simply 
cause the 1. p. admission line to be more nearly parallel 
with the atmospheric line. 



Ratio op Cylinders.-— In treatises on compound engines 
formulas are generally deduced for determining the ratio 
between the volumes of the two cylinders, so that the total 
work done by the engine will be equally divided between 
them. As usually given for receiver engines, these for- 
mulas are based either on the assumption that there is no 
drop in pressure in the receiver, or else it is assumed that 
the receiver pressure is constant. The rule most commonly 
given is that R equals the square root of the total number 
of expansions. In designing compound locomotives any 
such rule could be used only for a rough approximation at 
best, and in general would be of no value, since the require- 
ments of construction place a maximum limit upon the 
size of the 1. p. cylinder, which is less than that theoretic- 
ally advisable. 

The ratios which have been used for two-cylinder com- 
pound locomotives range from 2.74 for small engines to 
1.77 for large engines. Mr. Mallet has stated that the 
ratio should not be less than two. Mr. von Borries, in his 
pamphlet on compoimd locomotives, recommends ratios of 
from 2 to 2.05 for large locomotives with tenders, and 
from 2.15 to 2.2 for tank locomotiv^es. 

These ratios have apparently been adopted by other de- 
signers, as we find that for the greater number of locomo- 
tives, of which records are published, the ratios lie be- 
tween 2 and 2.1. With such ratios the division of the 
work between the cylinders is regulated by adjustments of 
the valve gear. Larger ratios than these are used for 
small two-cylinder locomotives, but it does not appear that 
ratios smaller than 1.9 have been used except in converted 
inside cylinder engines. 
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Clearance. — ^In discussing the distribution and action of 
steam in a cylinder, the term clearance space, or simply 
clearance, is understood to mean the volume included be- 
tween the piston when at the end of a stroke and the valve 
face at that end, and thus includes the steam port, the 
space between the piston and the cylinder-head, and any 
other spaces which are in communication with the forego- 
ing, such as indicator pipes and cylinder drains. One of the 
principal effects of clearance is to make the effective cut-off 
later than it would be without clearance, and this produces 
results which can be best illustrated by reference to a figure. 
Referring to Fig. 5, let e d represent the stroke of a piston, 
and assume a cut-off at one-half stroke and 10 per cent, 
clearance. Then a & is one-half of e d, and the apparent 
ratio of expansion is two. Lay off e / equal to one-tenth of 
e d, then fe or ag represents the clearance. The volume 
which is filled with steam when cut-off takes place is ^ b, and 
this expands until it fills the volume of / d. The actual ratio 
of expansion is therefore /d divided by gr 6, or in the present 

case -= '■T-= — ^ = 1.83 instead of 2. Expressing this 

1 + A? 
as a formula, the actual ratio of expansion = =-, in 

Tl -J" K 

which A; is the clearance expressed as a decimal of the 
volume displaced by the piston in one stroke, and n is the 
apparent cut-off, or one divided by the apparent ratio of 
expansion. The point c on the expansion curve is, of 
course, higher with a ratio of expansion of 1.83 than with 
a ratio of 2, and hence the mean pressure between b and c 
is higher. In making calculations the actual ratio of ex- 
pansion should of course be used, but formula (1) will not 
then give correct results, as by it the mean pressure be- 
tween g and c is found, and not that between a and c, and 
a correction must therefore be made which necessitates ad- 
ditional calculation. It is somewhat better to use formula 
(2), taking the corrected value for r, and still better in 
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most cases to make use of a graphical conatniction. As aa 
example of the application of formula (2), let the apparent 
cut-off be at one-third stroke with e^ht per cent, clearance. 

The actual ratio of expansion is then — — '-^ = 3.68, and 

the mean pressure between & and c will be p 1 -^^ =.B94j>i . 
This is for two-thirds of the stroke, and for the first third 
the mean pressore equalep,. The mean for the stroke is 
therefore ^ X -Mi Pi + Pi _ ^g^^ ^j^^ ^^^^^ pressure 
calculated by formula (1) without correction would be. TO pi. 




Fig. 5 

CONSTR0CTION OP THE EXPANSION CUKVE.— A simple 

method of plotting points on the expansion curve b the fol- 
lowing, which requires only a triangle and a straight edge. 
In Fig, Slet Fbe the zero line of pressures, OP the zero 
line of volumes, and p a known point on the hyperbola. 
Tttfough J) draw ps parallel to O V, making it of any con- 
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venient length. Draw p k and 8 t perpendicular to V 
and draw O 8, Through the point u where O 8 crosses p k, 
draw u q parallel to O F, and where this line cuts 8t&tq 
is a second point on the curve. Any number of other 
points can be found from p or g in a similar manner, as in- 
dicated in Fig. 5. An advantage of this method is that the 
distance of a point from P can be selected at pleasure, as 
it will be always directly under the point to which the 
diagonal is drawn, as q and s, or x and to. 

Compression. — ^In considering compression or cushion 
in compound locomotives, we find that it is a factor of the 
steam distribution which it is more difficult to dispose of 
satisfactorily than in simple engines. For economy of 
steam, the pressure in the clearance space when the steam 
valve opens should be equal to the initial pressure, while 
the necessary pressure for cushioning the reciprocating 
parts is a problem in itself. 

There is, of course, no advantage in compressing to a 
pressure higher than the initial pressure. In a simple 
engine having an initial pressure of 175 pounds absolute, 
and a back pressure of 18 pounds absolute, it is possible to 
compress to 9.7 times the back pressure before the initial 
pressure will be exceeded. If the same pressures are taken 
in a compound engine, for the h. p. initial pressure and 
the L p. back pressure, we have the same possible range of 
compression, but it is divided between two cylinders. If 
the receiver pressure is 70 pounds absolute, the possible 
range of compression is for the h. p. cylinder from 70 to 
175 pounds, and for the 1. p. cylinder from 18 to 70 pounds, 
or 2.5 times in the former and about 3.9 times in the latter. 
It will be at once apparent that the valve adjustment for 
compression in the compound is a much more difficult 
problem than in the simple engine. For example, with 
5 per cent, clearance, and the pressures as just stated, 
the pressure in the clearance space at the end of 
the stroke would equal the initial pressure in the h. p. 
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cylinder when the exhaust closed at 2.5 x .05 — .05 = .075 
of the stroke from the end, or at 92.5 per cent, of the 
stroke, as it is frequently stated. In the 1. p. cylinder, an 
exhaust closure at 85.5 per cent, would fill the clearance 
space with steam at receiver pressure. With 10 per cent, 
clearance, and the same pressures as before, the earliest 
allowable points of exhaust closure would be 85 per cent, in 
the h. p. and 71 per cent, in the 1. p. cylinder. It will be 
seen from this that a large percentage of clearance in a 
compound engine may be a positive advantage. The rela- 
tions between the back pressure, the pressure from com* 
pression, the point of exhaust closure and the clearance, 
can be expressed in a general formula as follows: Refer- 
ring to Fig. 5, let p' represent the back pressure andp'' the 
pressure in the clearance space at the end of the compres- 
sion, both measured from the zero line of pressures; let I 
be the point of exhaust closure, I m the compress n curve 
which is considered as a rectangular hyperbola, d e the 
stroke of the piston, and / e equal k, the clearance as be- 
fore. Then the fraction of the stroke at which the ex- 
haust should close to produce a pressure p'' is 

The problem of determining the amount of compression 
necessary to cushion the reciprocating parts does not differ 
essentially in compound and simple engines, and for that 
reason will not be discussed at length at this time. The 
work done in compressing the steam from I toe, Fig. 5, ex- 
ceeds that done by the steam on the other side of the pis- 
ton during the same time, and this excess of work tends to 
retard the piston. It will be evident that in determining 
the amoimt of this excess we can regard the back pressure 
line as the zero line of pressures, if it is parallel to the at- 
mospheric line, and then determine how much the area 
Ime exceeds the area of an equal length from the other end 
of the card. The actual pressure of the back pressure line. 
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or whatever line is used for a zero line from which to 
measure pressures, is therefore of no importance in this 
connection, and hence the problem will be very similar in 
ail steam cylinders. 

Indicator Cards in Practice.— The indicator cards 
taken from compound locomotives in practice will, of course, 
differ greatly from those which have been called elementary 
theoretical cards, and which were illustrated by Figs. 1, 2 
and 3. The cards taken from the engine should agree very 
closely with theoretical cards which are drawn according 
to a complete and correct theory. What has been called 
the elementary theory is not strictly correct, and is incom- 
plete ; but it is preferable for practical purposes to a more 
accurate construction on account of its simplicity, and be- 
cause we cannot predict the exact form of an indicator 
card from an engine, which differs from existing types to 
an appreciable extent. 

The causes which produce modifications of the elementary 
theoretical card, are chiefly the initial condensation and 
re-evaporation during expansion; the size, shape and loca- 
tion of the steam passages and the receiver; pre-release and 
compression ; wire-drawing due to gradual opening and 
closing of ports, and the effects of high piston speed. 

Indicator cards from a compound locomotive, in which 
steam was cut off at about four-tenths of the stroke in both 
cylinders, are shown in full lines in Fig. 6. The clearance 
space is 10 per cent, of the piston displacement in the h. p. 
cylinder, and 7.5 per cent, in the 1. p. cylinder. The vol- 
ume of the receiver is one and one-half times the h. p. 
cylinder. With this data the theoretical lines shown dotted 
in the figure have been constructed, making allowance for 
the excessive drop shown between the two cards. The 
differences between the actual admission and expansion lines 
of the h. p. card are the same as in cards from simple 
engines, and are due to the wire-drawing during admission 
and at cut-off, and to the re-evaporation during expansion* 
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The extent of these departures from the assumed theoretical 
curve varies greatly in simple engines, and probably depends 
upon the piston speed, together with apparently small 
differences in valve gear and steam passages. The only 
satisfactory way of determining the probable loss in a pro- 
posed engine, whether simple or compound, is to examine 



a^ 




Fig, 6 



indicator cards from an existing engine of the same general 
proportions, and having a valve gear of the same type and 
dimensions. This is also true of the loss of pressure be- 
tween the boiler and the cylinder. Indicator cards taken 
from engines of various makes when on similar service 
show variations in these particulars of as much as 20 per 
cent., audit is obvious that no general rule can be laid 
down. 
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In Fig. 6, when the h. p. exhaust occurs at b, the 1. p. 
piston is at n, and re-admission to the 1. p. cylinder takes 
place, causing a rise in pressure to m. The 1. p. piston 
moves from this position to that of cut-off/, four-tenths of 
the stroke, before the h* p. piston has moved over the re- 




s=170 



H. P. Cutoff. 70"^' 
li.P. " " 84.5% 
Bev.p.min. 42 




Fig. 7 



mainder of its stroke from & to c. The pressure at c was 
calculated approximately on the basis of the receiver 
pressure when the h. p. exhaust opened, being that at/; 
but if the valve opened with sufficient rapidity this point 
would be foimd directly below b. From c to d there is 
compression as shown, and from d there is expansion until 
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compression in the h. p. cylinder begins ; but with the 
proportions above given, this expansion line is nearly- 
parallel to the atmospheric line, or in other words, there is 
practically no expansion. Turning now to the 1. p. card, 
and taking the pressure at e as that of the steam in the re- 
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H.P.Cul^flr. »)*i« 

L.P. " »» 40>S 
Bev.p.min. 160 




Fig. 8 



ceiver, we find that the line from e to n is practically at 
constant pressure, and that the rise in pressure from n to m 
is comparatively slight. Also, that during the expansion 
from m to / the fall in pressure is not great. The drop be- 
tween the h. p. and the 1. p. cards in this figure has been 
referred to as excessive, and data which would furnish an 
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explanation are not at hand, but this does not lessen the 
value of the cards for our present purpose. 

In Figs. 7 and 8 are shown indicator cards from two- 
cylinder compound locomotives at different speeds and 
points of cut-off. The shape of the h. p. back-pressure line 
is to be noted. Cards Nos. 2 and 3 are from the same 
engine, and it will be noticed that the compression up to 
about the middle of the back stroke is quite marked, and 
that the remainder of the back-pressure line is nearly 
horizontal, as it was found in Fig. 6. In Nos. 4 and 5 the 
compression appears to continue during the whole of the 
back stroke. This is found to be the case in a considerable 
number of cards which have been examined, and is particu- 
larly noticeable at high speeds. 

It will also be seen that the 1. p. cards do not differ 
much in appearance from cards taken from simple 
engines. This would seem to indicate that we can without 
great error consider the receiver pressure as constant, and 
therefore treat the 1. p. cards as if th<iy were actually taken 
from simple engines. This arises largely from the effects 
of re-admission. It is not likely that, with the ordinary 
valve gear, the h. p. release will occur later than at 90 per 
cent, of the stroke, and an examination of a diagram of 
the crank positions such as Fig. 4, will show that the 1. p. 
piston has moved over 20 per cent, of its stroke at this 
position. 

The 1. p. cut-off will not generally be earlier than three- 
tenths of the stroke, and hence it is safe to say that re- 
admission will always occur in practice. We have already 
seen that the practical effect of this is to make the 1. p. ad- 
mission line more nearly parallel with the atmospheric line, 
or, in other words, causes the 1. p. admission line to more 
nearly resemble the admission line of a card from a simple 
engine. 

In Fig. 9 are shown the admission and expansion lines of 
four indicator cards from the 1. p. cylinder of a compound 
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locomotive. The points of cut-oflP given are those which 
were recordetl on the cards. The dotted lines indicate the 
form of the theoretical card for these points of cut-off and 
for the initial pressures as shown. 




Fig. 9 



On card No. 6 a curve which agrees with the actual 
curve very closely is indicated by dots, and shows an earlier 
cut-off than that recorded. On card No. 9 the irregular 
dotted line shows the form of the card from the other end 
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of the cylinder with the same nominal point of cut-off. It 
will be apparent from Fig. 9 that the 1. p. cards do not 
differ more from the elementary theoretical cards for 
simple engines than do the actual cards taken from these 
engines. 

To obtain a fair idea of the probable form of the cards 
from a compound locomotive but one factor now remains 
to be determined, and that is the probable pressure in the 
receiver. On this hinges the division of work between the 
cylinders, and there is, in fact, no general rule by which it 
can be calculated with any certainty. The size of steam 
passages, and the size and location of the receiver, all steam 
space between the valves of the two cylinders being in- 
cluded in this term, will control this pressure to a great ex- 
tent, as upon these dei)end the losses of pressure due to 
friction in passages and to condensation. Mr. von Borries 
states, in his pamphlet on Compoimd Locomotives, that 
for cut-offs of from 30 to 40 per cent, the pressure in the 
receiver should be from 30 to 33 per cent, of that in the 
boiler. If the pressure maintained in the receiver of an 
engine in practice is known, the probable receiver pressure 
in a similar proposed engine can of course be predicted 
with some degree of certainty; but when any different ar- 
rangement of valves and passages is used, the distribution 
in previous engines can serve as a guide only. The follow- 
ing is suggested as a method of approximating to the prob- 
able receiver pressures. With the same initial pressure in 
the h. p. cylinder, as the h. p. cut-off is made later the 
receiver pressure will become higher, and a similar effect 
is produced by making the 1. p. cut-off earlier. Hence a 
formula for calculating the receiver pressure should have 

the form p = c X Pi r^^ — 1~~^ ^ *^s formula p is the 

i* p. CUt-OiI* 

absolute receiver pressure, pi the absolute h. p. initial pres- 
sure, and c is a numerical coefficient. 
An examination of a considerable number of indicator 
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cards from compound locomotives gave an average value 
for c of 0.46, but this value is not recommended except for 
approximations, and of course no such formula can take 
the place of direct experiment. 

Combined Indicator Cards. — It is a common practice to 
combine the indicator cards taken from the several cylin- 
ders of compound engines in one diagram, and to compare 




Fig. 10 



this with an assumed curve of reference. The expansion of 
the steam in two or more cylinders can thus be compared 
approximately with an equal expansion in one cylinder, 
but it is not clear that much can be learned from such a 
diagram. The reference curve is ordinarily the rectangular 
hyperbola. Fig. 10 illustrates a combined diagram from a 
compound locomotive, of which the separate cards as taken 
closely resembled card No. 4 (Fig. 8). In Fig. 10 vertical 
distances represent pressures, and horizontal distances rep- 
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resent volumes as usual. Both cards must first be reduced 
to the same scale of pressures. Then take any convenient 
distance such as & c to represent the volume of the 1. p. 
cylinder, and let a b represent the volume of its clearance 
space. Then Oa P is the zero line from which to measure 
volumes, and F drawn as usual is the zero line of press- 
ures. Lay off a d equal to the h. p. clearance space, and 
d e equal to the volume of the h. p. cylinder, both on the 
same scale as that of the 1. p. cylinder; or d e should equal 
he divided by the ratio of the cylinders. The outlines of 
the cards are then found by plotting points as usual. 



General Arranqement op Parts.— While the disposi- 
tion of cylinders and steam chests with regard to the boiler 
and running gear in two-cylinder compound locomotives 
does not differ from European practice in simple locomo- 
tives, the same diversity of design, which has heretofore 
been remarkable in that as compared with American prac- 
tice, is found in their compound locomotives. The designer 
will thus find precedent in existing engines for almost any 
arrangement of the principal parts, and for any type of 
valve gear which he is likely to adopts 

The credit of having inaugurated the present era of com- 
pound locomotives in Europe is due to Mr. Anatole Mallet, 
who designed successful two-cylinder compound locomo- 
tives for the Bayonne & Biarritz Railroad in 1876, and 
has since brought out many different designs. While it 
would not be incorrect to class the greater number of 
compound locomotives as belonging to the Mallet system, 
this term as applied to two-cylinder engines is usually re- 
stricted to those which can be operated either as simple or 
compound engines at the will of the engineer, as distin- 
guished from others which are necessarily worked as com- 
pound engines, except for a brief interval in starting. 

Engines of the latter class have been built in consider- 
able numbers since 1880, especially after the designs of Mr. 
A. von Borries, Locomotive Superintendent of the Hanover 
Railroad, and Mr. T. W. Worsdell, Locomotive Superin- 
tendent of the North-Eastem Railway, England. 

This class of engines comprise what is known as the 
Worsdell and von Borries system, the essential difference 
between their designs being in the method of accomplishing 
the automatic change from simple to compound working.. 
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Thbton Borsibb Sybteu.— FigB. II and 13 illustrate the 
arrangement of cflindere and steam connections in two 
designs of cximpound locomotives according to the von 
Borriee system. In both figures h is the h. p. cylinder, I is 
the L p. cylinder, A is the steam pipe from the boiler 




Fig. 11 



to the h. p. cylinder, is the receiver connecting the 
two cylinders, V is the starting and intercepting valve, B 
is the auxiliary steam pipe from the boiler to the starting 
valve, and D is the exhaust pipe from the I. p. cylinder. It 
wOl be noted that in Fig. 12 the steam pipes, receiver and 
exhaust pipe are almost entirely inclosed in the smoke-box, 
and it is very desirable that they should be so placed. 



coi£POora» Locouonvss. 



The arrangement in F^. 11 is that of a Bix-«oupled 
freight engine for the Pmasian State Bailwaya, which was 
illustrated in Engineering of Feb. 1, 1889. The dimensions, 




which ore of immediate interest in this connection, are as 

foHowB; 

Diameter of hlBb-presBiirecTlJiider 13,1 In. 



Stroke of piBtons ., Si.g " 

Diameter of diiritig: wheels Sl,l " 

Boiler preeaure, KauKe Hi. Ibe. 

Diameter o( boiler, smalleBt Inside fiO.S in. 

Tabea, 181. Z-m., length U ft. 7 in. 

OraMarea Usa-K. 

HeatinB eurtace MiO " 

Weight in working order, all on driving wheels 88,350 lb*. 

Tftlvegear - Allan. 

Fig. IS is taken from a paper on Compoiind Locomotivea 
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by Mr. R. Eerbert Lapage, read in November, 1888, before 
tbe Institution of Mechanical Engineers (England), and il- 
lustrateB a four-coupled passenger locomotive of tbe Santa 
Fe & Cordoba Great Southern Railway. The principal 
dimensions are as follows : 

Diameter of hlKh-pressure cyllndeT 16 la. 

'■ low-pressure " 23 " 

Stroke o( plBtonB 21 " 

Diameter of drlTtiiB wheels 6S " 

BoUer presanre gauge 170 lbs. 

WelBht In work&B order ^..88,209 " 

Talvegear 




Fig. 13 

The essential feature of tbe Ton Berries system is the 
combined intercepting and starting valve, a recent form of 
which is illustrated by Fig. 13. In this figure a is tbe re- 
ceiver pipe which leads from the h. p. cylinder and b is 
the passage to the 1, p. cylinder. The valve is shown in 
the position which it occupies ordinarily, or when the loco- 
motive is working as a compound engine, the direction of 
the flow of tbe steam being as indicated by tbe arrows. 
Connected to the back of the intercepting valve v are two 
Email plungers c c which together form the stariing 
valve. Supposing the valves to be in the positions shown 
in Fig. 18 and the engine about to start, when tbe throttle 
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is opened steam will be admitted to the h. p. cylinder by 
the usual pipe, and also to the auxiliary steam pipe d, and 
by the passage shown, to the back of the plimgers. The 
pressure on the ends of the plungers is sufficient to move 
the intercepting valve v to the left in the figure until it 
seats at e. By the same movement two small ports h h 
are uncovered, through which steam from the boiler is ad- 
mitted to the passage b and thence direct to the 1. p. steam 
chest, while, as the intercepting valve is closed, this 
pressure does not act against the h. p. piston. 

As the engine starts and the exhaust from the h. p. 
cylinder takes place, the pressure in the receiver rises until 
it is sufficient to overcome the pressure on the 1. p. side of 
the intercepting valve, when this valve is moved back to 
the position shown in the figure, while at the same time 
the two small steam ports are closed by the plungers, and 
the engine begins to work as a compound. It is said that 
in practice the pressure of the steam from the boiler which 
is admitted to the 1. p. cylinder is reduced by wire-drawing, 
due to the small steam pipe and ports, to about one-half the 
boiler pressure, and as the ratio of the cylinders is about 
two, the total pressure on the two pistons in starting is 
nearly equal. To prevent excessive pressure in the 1. p. 
cylinder and receiver a safety valve is placed on the latter. 

The pressure in the receiver when running is sufficient to 
overcome the boiler pressure acting on the ends of the two 
small plungers, together with the atmospheric pressure on 
the stem of the large valve v, and, therefore, the valves are 
maintained in the position shown in Fig. 13 as long as the 
throttle is kept open. In the paper referred to above, Mr. 
Lapage states that: ''In practice it takes only from half to 
one revolution before the exhaust from the high-pressure 
cylinder opens the intercepting valve and closes the start- 
ing valves." 

It will be noted that according to this statement, an 
engine with 66-inch driving wheels would begin to work as 
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a compound after moving through from about 8i to 17 
feet. Just how far it will move before opening the inter- 
cepting valve will depend upon the positions of the cranks 




Fiffi 14 



before atarting, as will be demonstrated when coneldering 
the subject of the starting power. Strictl; speaking, these 
locomotivee can never work as simple engines, since the 
h. p. cylinder always exhausts into a closed receiver and 
never directly into the atmoepbere. Ur. Lapage also stated 
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that this automatic starting and intercepting valve had 
been already applied to about one hundred and fifty 
engines. 

The earlier forms of intercepting valves were not wholly 
automatic in their action, but required to be closed by 
hand before opening the throttle in starting. In this 
form there were no small plungers, and the steam was 
admitted around the valve stem k, which was fluted for 
part of its length for this purpose. The valve was also 
connected by a bell-crank arrangement to a weighted arm, 
which held the valve open and prevented rattling when 
running with steam shut off. 

The Worsdell System.— Fig. 14 illustrates the arrange- 
ment of the cylinders and steam connections of a Worsdell 
four-coupled compound locomotive for passenger service, 
drawings for which were published in Engineering of 
March 30, 1888. More recent engines do not differ from 
this in regard to the cylinders and steam connections. In 
Fig. 14, h and I represent the high and low-pressure cyl- 
inders, respectively^ A is the high-pressure steam pipe, C is 
the receiver, D is the low-pressure exhaust pipe, B is the 
steam supply to the starting valve v, and V is the intercept* 
ing valve. 

The principal dimensions of this engine are as follows: 

Diameter of high-pressure cylinder 18 in. 

" low-pressure ** 26 " 

Stroke of pistons 21 " 

Diameter of driving wheels 80M " 

Boiler pressure, gauge 170 lbs. 

Diameter of boiler, smallest inside. . . . .^..»... 53 in. 

Tubes, 242, 1^ inches, length 10 feet 11^ ** 

Grate area. • . • ^ ^7*^ SQ* ft* 

Heatine surface 1,323.3 " 

Weight in working order, total 97,000 lbs. 

**^ '* •* " on driving wheels 68.000 - 

Valve gear. Joy. 

The Worsdell starting and intercepting valves are illus- 
trated by Figs. 15 and 16, which are reproduced from Engv- 
neering. The intercepting valve is a flap valve, and is 
shown in Fig. 15 in the position which it occupies when the 
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engine is working aa a compound, being swung to one side, 
and thus leaving a atta^ht, clear passage by it. The 
spindle on which the valve turns passes out through the 




side of the smoke-box, and carries an arm, which is c 
nected to the small pistcm shown at a. Fig. 16, in a r 
which is clearly indicated in the fibres. The starting valve 
casing is connected to the main steam pipe by a sntall pipe, 
which is shown in Fig. 16 and also in Fig. 14. The i^ston 
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a, which operates the intercepting valve by means of the 
connection previously referred to, works in a cylinder 
wliich is an extension of the starting valve casing. 

A small port, which is covered by a spring-loaded valve, 
connects this cylinder with the pipe 6, and thus to the inter- 
cepting valve chamber. The starting valve is operated by 
a lever, and is a double valve, a slight movement of the 
lever opening the smaller valve, and further motion open- 
ing the larger valve, which is then partially balanced. 

The operation of these valves in starting is as follows : 
The starting valve being opened by the engineer, steam, at 
boiler pressure, acts upon the small piston a, and moves it 
forward or to the left in the Figs. By the same move- 
ment the intercepting valve is swung up and closed, and 
the port connecting with the pipe b is imcovered, thus ad- 
mitting steam from the boiler to the intercepting valve 
chamber below the valve, and thence to the low-pressure 
steam chest. As the exhaust takes place from the h. p. 
cylinder, the pressure in the receiver, above the intercept- 
ing valve, rises until it is sufficient to open that valve, 
when, by its movement, the small piston a is returned tcr 
the position shown in Fig. 16, and the steam supply is thus 
shut off. It will be seen that the Worsdell starting and 
intercepting valves are the same in principle as the von 
Borries valves, although the former are not wholly auto- 
matic in their action. 

Valve Gear Adjustments, — In discussing the theory of 
two-cylinder compoimd engines, it was shown that the 
division of the total work between the cylinders could be 
equalized by maintaining a considerably earlier cut-off in 
the h. p. than in the 1. p. cylinder. 

Mr. von Borries finds that in practice for cylinder ratios 
of from 2 to 2.05 a cut-off of 0.4 in the h. p. cylinder calls 
for a cut-off of 0.5 in the 1. p. cylinder. This adjustment 
gives a very nearly equal division of the work, and can be 
made without difficulty or increased complication with the 
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valve gears which are suitable for locomotives, such as the 
Stephenson, Allan, Joy and Walschaert. 

For the American form of the Stephenson shifting link 
motion, and when the locomotive is to run principally in 
forward gear, only a very simple change is necessary. It 
is to make the h. p. link hanger slightly shorter than the 
L p. hanger, leaving all other parts as for a simple engine. 
This causes the h. p. link to be a little nearer the mid posi- 
tion than the 1. p. link for all points in the forward gear, 
the result being to make the h. p. cut-off the earlier of the 
two as required. For the above cylinder ratios the h. p. 
hanger should be about one-twentieth of the lift of the link 
shorter than that of the 1. p. gear. 

This difference in length, of course, produces the opposite 
effect in the backward gear, the 1. p. cut-off being then the 
earUer. For this reason the full-gear notch is the only one 
cut in the quadrant for the backward gear. Mr. von Ber- 
ries gives the following as the approximate cut-offs which 

are obtained by this means: 

Forward. Backward. 

High-pressnre cylinder 75 50 40 30 20 78 

Low-pressure cylinder. 78 59 50 41 32 75 

A more detailed tabulation of the distribution effected by 
this form of adjustment, as applied to the locomotive illus- 
trated by Fig. 12, is appended. This table is taken from the 
paper by Mr. B. H. Lapage, to which reference has already 
been made. 

For locomotives which are required to run equally well 
in either direction, the alteration described above is evi- 
dently not applicable, but a similar effect is produced by 
making the mid-gear travel of the 1. p. valve less than that 
of the h. p. valve. This \fi, of course, readily accomplished 
by reducing the angular advance for the 1. p. eccentrics, 
the outside lap of the 1. p. valve being also made less. 
For cylinder ratios of from 2.15 to 2.2 Mr. von Borries 
lecommends making the mid-gear travel of the 1. p. valve 
0.9 of that of the h. p. valve, and reducing the outside lap 
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ra./oricord, 60H dtgrea; backward, 61M degrut. 
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ia about the eame proportion. The approximate relative 
cut-offa thus obtained are as followe, being the same in 
both forward and backward gear : 

High-preBHure orlinder 75 60 SO 40 'V» 

Low-preesure crLnder 78 M 5S U 3t 
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Angtt of eccentrics, for^sard, 60K degreis; baj^kward, SlU degrees. 

Twenty-threa ii 



B6M 



Similar variations in the points of cutKtff caa be obtained 
with the other types of valve gears which have been men- 
tioned, (or example, by placing the arms on the lifting 
shaft of the Allan motion at an angle with each other. 
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and by inclining the sliding links of the Joy gear. Other 
minor changes which will produce similar results will 
naturally occur to the designer. 

For inside valve gear and outside steam chests Mr. von 
Borries advises the use of the American form of the 
Stephenson motion; for inside gear and inside steam cHest, 
the Stephenson and Allan types; and for outside gear, the 
Walschaert motion. All of the recent Worsdell engines, 
concerning which information is at hand, are fitted with 
the Joy valve gear. 



The Mallet System.— The Mallet system of two-cylin- 
der compound locomotives has been already referred to as 
that in which by means of suitable valves the engine may 
be operated as a simple engine not only in starting, but at 
any time when in service. Such an engine, while having 
all the advantages of compound working, possesses an 
emergency power equal, or possibly superior, to a simple 
engine having the same general dimensions. 

Figs. 17 to 20, inclusive, illustrate the arrangement of 
this system as applied to a converted six-coupled engine 
of the Western Smtzerland Railroad. For the drawings 
from which the illustrations were made, and also for other 
data, I am indebted to Mr. Mallet. The cylinders are 17.7 
and 25.6 inches in diameter by 25.6 inches stroke, one of 
the old cylinders having been retained as the h. p. cylin- 
der. The driving wheels are 58.4 inches in diameter, and 
the working weight, which is all on the driving wheels, is 
79,350 pounds. 

In Fig. 17, h and I are the h. p. and 1. p. cylinders, re- 
spectively, A is the main steam pipe from the boiler to the 
h. p. cylinder, B is the receiver, C is the 1. p. exhaust 
pipe, D is the starting valve which is connected to the 
boUer by the pipe Ey Fia the intercepting valve, and G is 
the exhaust pipe from the h. p. cylinder when working as 
a simple engine. 

The construction of the starting valve is shown in Figs. 18 
and 19. It consists primarily of a short slide valve a, 
which, as shown, covers two ports leading to the receiver. 
The pipe p connects the starting valve chamber with the 
main steam pipe. On the back of the valve a is an inverted 
slide valve h, which slides on a seat formed in the valve- 

4 



LOCOMOTIVES. 

chest cover. A smaU pipe c connects the Btartmg valve 
chamber with the intercepting valve, on. the other side of 
the smoke box, aa shown at c. Fig. 30. Referring now to 
Fig. 20, it will be seen that the intercepting valve consists 
of two circular valves and a piston, all being mounted on 




Fig. 17 



one stem, and so forming a sort of balanced double poppet 
valve. The connections to the interceptii^ valve are as in- 
dicated in the figure, the central opening connecting with 
the h. p. exhaust, the left with the common exhaust nozzle 
and the right with the receiver pipe. 

The operation of these valves is as follows : They are 
shown in the illustrations in the positions which they 
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ordinarily occupy, or when the engine is working as a com- 
pound. Under these circumstances steam from the boiler 
is admitted to the space d back of the piston e by way of 
the small pipe c, the starting valve chamber, and the pipe 
p. The pressure thus acting upon the piston e keeps the 
valve g closed against the ordinary receiver pressure. The 
intercepting valve can, of course, be connected so as to be 
worked by hand in connection with the starting valve. If 
now the starting valve is opened, or moved to the right in 
Fig. 18, steam from the boiler is thereby admitted to the 
receiver, and at the same time the pipe c is placed in com- 
munication with the atmosphere by means of the cavity in 
the top of the starting valve. The pressure back of the 




Fig. 18 



piston e being thus reduced, the valve g is opened by the 
receiver pressure, and the valve h is closed, in which posi- 
tion it is retained by the excess of the pressure in the re- 
ceiver fc, Fig. 20, or that on the 1. p. side of the valve, over 
that on the h. p. side, which is now in communication 
with the exhaust nozzle. It will be seen that the loco- 
motive will now work as a simple engine, and will con- 
tinue to do so as long as the starting valve is kept open. 
As soon as it is closed, the intercepting valve will be re- 
turned to the position shown in Fig, 20. 
On the engine illustrated by Fig. L7, a pressure-reducing 
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valve is inserted between the starting valve and the re» 
ceiver. This reducing valve is of the common differential 
piston type, adjusted by springs. In addition to this the 
receiver is fitted with a spring safety valve loaded to 70 
pounds pressure. It would seem when a starting valve of 
this form is used in conjunction with a safety valve, that 
the introduction of a reducing valve is unnecessary, as the 
receiver pressure can be regulated by the starting valve. 




Fig. 19 



In earher designs Mr. Mallet has combined the starting 
and intercepting valve in one distributing valve. This is 
illustrated by Figs. 21 and 22, which are reproduced from 
Engineering. The distributing valve and a reducing valve 
are enclosed in a casing which is fastened to the smoke 
box. The main steam pipe is connected at a, and thence 
by a passage 6, back of the valves, to the h. p. steam chest. 
An opening at c admits steam from this pipe to the reduc- 
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fug valve chamber and thence to the distributing valve 
chamber. The distributing valve is a slide valve, and 
covers three ports, as shown. Of these d is the h. p. 
exhaust, e connects with the receiver, and heace with the 
L p. steam chest, and g leads to the exhaust nozzle. The 
valve is shown in the position for compound working. If 
it is moved forward, or tt) the left in the illustrations, the 
passage d is connected with g, and the h. p. cylinder 
exhauafe direcUj to the exhaust nozzle, and at the same 
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time by means of the passages c and e boiler steam at 
reduced pressure is admitted to the receiver and the 1. p. 
eteam chest. 

In the earlier Uallet engines the lifting shaft is divided 
60 that the valve motion of each cylinder is to a certain 
wrtent independent of the other. The h. p. valve gear is 
controlled by a screw and nut, which takes the place of the 
ordinary quadrant. The nut which is on the h. p. re- 
verse lever carries a short sector or quadrant and 
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a latch on the 1. p. reverse lerer works in this eec- 
tot. The effect is that both cyUndere can be re- 
versed by moTing the h. p. lever, while by adjusting 




the I. p. lever, the cut-ofl in that cylinder may be made 
either later or earlier than that in the h. p. cylinder. It is 
obvious that the same principle can be applied to the type 
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of reversing gear common in this comitry by connecting 
the h. p. valve gear as at present, and connecting the 1. p. 
reverse lever to the h. p. lever by means of an auxiliary 
quadrant carried by the latter. A device for tripping the 
latch of the 1. p. lever might be advisable, so that the h. p. 
lever could be moved between the two extremes in botli 
directions without regard to the position of the 1. p. lever. 
It is, however, by no means proven that it is necessary or 
advisable to have two reverse levers, and, in fact, the 
weight of evidence appears to be to the contrary. 

For the locomotive illustrated in Fig. 17, Mr. Mallet has 
adopted a differential motion for the purpose of obtaining 
a later cut-off in the 1. p. cyUnder in both forward an d 
backward gear. The principle of this motion is illustrated 
by Fig. 23. In this Fig., A is the lifting shaft and B is an 
auxiliary shaft. The lifting arm M of the h. p. Unk and 
the arm C are keyed to the lifting shaft, while the 1. p. 
lifting arm N and the arm Hsre in one piece, which turns 
about this shaft. The slotted arm D and the arm E are 
keyed to the auxiliary shaft. The arm C carries a block 
which slides in the slotted piece D. The parts are shown 
in the Fig. in a position for backing, the 1. p. link being 
raised higher than the h. p. Unk and therefore cutting off 
later. In full backing gear the arms Maud iV would be 
parallel and hence give the same cut-off in both cylinders. 
In mid-gear the arms C and D are on the center line A B, 
while in forward gear, or to the left in the Fig., the lifting 
arm N is lowered more rapidly than the arm M, Mr. Mallet 
gives the following as the distribution obtained with this ar- 
rangement : 

Forward Gear. 
Higrh-pressure cylinder. . . .70 .60 
Low-pressure cylinder... .70 .65 

Steam Passages.— It would seem to be an imquestion- 
able principle of steam engine design, that all steam 
passages should be large and as free from abrupt bends 
and contractions as it is possible to make them, and 
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should be so placed and protected that the loss by radiation 
will be reduced to a minimum. With these principles in 
view, there appears to be room for improvement in the 
designs of many existing compound locomotives in one or 
more particulars. 

The proportional areas of steam ports in the two-cylinder 
compound locomotives which have been examined are 
somewhat less than in recent American locomotives. Mr. 
von Borries recommends areas which, for a cylinder ratio 
of two, would be about 8 to 8.2 per cent, of the piston area 
for the high-pressure, and 7 per cent, for the low-pressure 
cylinder for passenger engines. For freight engines having 
slower piston speeds, the areas may be 10 per cent, less, 
Mr. Worsdell's practice for both passenger and freight 
engines appears to be 8.1 per cent, for the high-pressure 
cylinder, and about 6.4 per cent, for the low-pressure. 
These proportions give for cylinders 18 and 26 inches 
diameter by 24 inches stroke ; high-pressure steam ports, 
If by 111 inches ; low-pressure steam ports, 2 by 17 inches ; 
exhaust ports, ^ inches wide and of the same length as the 
steam ports. 

The volume of the receiver should not be less than that 
of the h. p. cylinder, and preferably should be larger than 
this, in order that the fluctuation in the h. p. back press- 
\u*e may be as small as possible. Also in engines of the 
Worsdell and von Borries type a large receiver will permit 
a more satisfactory action in starting than a small one, as 
more time will be required to compress the exhaust steam 
from the high-pressure cylinder to the pressure necessary to 
open the intercepting valve. For engines of " ordinary size" 
Mr. von Borries gives 200 mm. (7^ inches) as a suitable 
diameter for the receiver pipe, with a thickness of about J 
inch when made of copper. 

Slide Valves. — The most noticeable difference between 
the distributing valves of compound and ordinary locomo- 
tives is in the large inside clearance of the former. This is 
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made necessary by the high pressure of the back pressure 
line of the h. p. cylinder, and the consequent necessity of 
securing a late exhaust closure in order to avoid excessive 
compression in that cylinder. For the 1. p. cylinder there 
are similar requirements, as, with the same back pressure 
as in simple locomotives, the pressure at the end of compres- 
sion shoi:Qd not exceed that in the receiver. The necessary 
changes from the ordinary valves may perhaps be best 
illustrated by giving a few examples of the proportions 
which have been adopted : 

Width of Outside Inside 

port. TraveL lap. clearance. Lead. 

iH.P 1% 5}^ ik X A 

L. P 2 53^ Jl Vs ?« 

H.P 1% 53^ ik X ^ 

L. P 2 53^ IM >i A 

H.P 1.6 3* 1.1 .3 .1 

■ L. P 2 3 1.4 0.0 .1 

H.P 1.35 2.65 1.3 .26 .1 

L. P 1.44 2.58 1.15 0.0 .06 

H.P 1 4.2 1.12 .25 .02 

L. P 1.16 4.5 1.12 0.0 —.03 

* Mid-gear travel. These dimensions sj^e advised by Mr. von 
Borries. 

These dimensions are given simply as illustrations, as of 
course the proper dimensions for any engine can only be 
determined satisfactorily by the use of a model, or by 
drawing the motion to full size. In either case adjust- 
ments by the indicator should follow, as the economy 
of the engine will depend very largely upon the care and 
attention given to the steam distribution. 

Size of Cylinders— Tractive Power.— A compari- 
son of existing compound locomotives and of the rules sug- 
gested by different writers, shows about as much dif- 
ference of opinion as to the proper proportions of cylin- 
ders, boiler pressure, driving wheel diameter and adhesion 
weight, as was found in ordinary locomotives by the com- 
mittee of the Master Mechanics' Association on the subject 
in 1887. 
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The following is translated from the fourth edition (1888) 

of Mr. von Borries' pamphlet on Compound Locomotives : 

**To compute the size of the cylinders, we suppose, for 

the sake of simplicity, that the whole work is to be done in 

the large cylinder, the diameter of which is then computed 

% Z D 
by the following formula : d* = — t—» In which d = the 

diameter of the 1. p. cylinder ; Z = the required tractive 
force = 0.15 of the adhesion weight (where allowance is 
made in Z for the external engine friction, taken as equal 
to that for cars) ; D = the diameter of the driving wheels ; 
p = mean effective pressure (after deducting internal ma- 
chine friction); h = stroke of piston. The value of p de- 
pends upon the relative volumes of the two cylinders, and 
from'expenments, and indicator cards may be taken from 

the following table : 

Ratios of p for 176 lbs . 

cylinders. boiler pressure. 

LarRre locomotives with tenders . 1 :2 to 1 :2.05 74 lbs. (42 per cent.) 

Tank locomotives. 1:2.15 to 1:2.2 71 lbs. (40 per cent.) 

For locomotives for roads having many and long grades 
a larger co-efficient of adhesion (Z = 0.16) is to be used, to 
obtain larger cylinders ; but 0.15 is ordinarily sufficient." 

-*' For compound passenger and express locomotives, the 
diameter of the large cylinder may be made 1.5 that of the 
cylinders of the ordinary locomotive for the same service, 
the steam pressure being at the same time increased 15 to 
30 pounds. This is based upon the supposition that 
the ordinary locomotive is properly proportioned. 
The working conditions should also be kept in view, so 
that the locomotives may work as much as possible at the 
more economical points of cut-off of 0.3 to 0.4 in the small 
cylinder." 

For a passenger engine of 57,300 pounds on the driving 
wheels, Mr. von Borries gives the cylinder dimensions as 
16.5 and 23.6 inches in diameter by 22.8 inches stroke, and 
says that such an engine will accomplish 10 to 15 per cent» 
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more than a common locooiotlve having about the same 
heating Borf ace. 

The following statement is made In the paper by Ur, 
Lapage, from, which I have alieadj quot«d ; " It is cus- 
tomazy, when not otherwise specified, to make the size of 
the hig^-presBore cylinder the same ae that of the cylinder 
of an ordinary locomotiTe. Such engines are found to 
hani from to 10 per cent, heavier trains, while saving 
about 10 per cent, of fueL" 

la a paper on "The Compound Principle as Applied to 
Looomotivee," read by Mr. Eldgar Worthington in January, 
1889, before the Institution of Civil Engineers, we find it 
stated that the higb-presmire cylinder should be made 
about one inch larger in diameter than the cylinders of an 
ordinary engine of equal power, even though an advance 
of SO pounds per square inch of boiler pressure was COU' 
templaJed for the compound engine. 

The difference of opinion among designers may perhaps 
be best illustrated by a short table. 
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In the last column of the table are given the diameters 
of cylinders for simple locomotives having the same boiler 
pressure, adhesion weight, and diameter of drivers, calcu- 
lated by the Master Mechanics' formula. In the col- 
umn preceding this are given the diameters of the 
low-pressure cylinders calculated by the von Borries 
formula, as already quoted. It wiU be seen that this for- 
mula gives, in general, larger results than are found in 
practice. The same formula, as quoted in the 1 886 edition 
of "Recent Locomotives," contains values for Zandp, 
which will give diameters about 7 per cent, smaller 
than with those quoted above, which indicates that Mr. 
von Borries has concluded that larger cylinders are ad- 
visable. 

It appears to the writer that no general rule can be de- 
vised which would be applicable to all cases, and that the 
character of the work which is to be required of the com- 
pound engine, as shown by a study of the work done by 
the simple engine which it is intended to replace, is the 
only safe guide. The maximum and minimum limits of 
mean pressure between which the engine will probably 
work, the usual demand upon it as determined by the 
character of service, and the type of starting device which 
is to be employed, must all be given consideration. In 
brief, if full advantage is to be taken of the economical 
possibilities of the compound locomotive, the first requisite 
in attempting its design is a thorough understanding of 
what it is expected to do. 

The most satisfactory method of comparing the work 
done by simple and compound locomotives is a comparison 
of indicator cards taken from the two forms of engines 
under the usual working conditions. Complete sets of such 
cards from compound locomotives have not been obtain- 
able, but a sufficient number of cards are included in 
the accompanying table to make it of some value. The 
figures given for the compound engines were selected 
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principally from reports ot the performance ot vaxious 
two-cylinder engines which have appeared from, time to 
time in foreign t«chmcal journals, and may be assumed to 
be at leB.3t a not unfavorable representation of their capa- 
bilities. For the simple engines cards have been selected, 
wliich were taken at nearly the same nomber of revolutions 
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* Rer. o( simple aof^e ; speed ot oompomid not known. 



as those of the compounds, in order to eliminate the ques- 
tion of speed as far as possible. For convenience m com- 
paring the mean pressures in the two types of engines, the 
average of the h. p. mean effective pressure and that in 
the 1. p. cylinder referred to the h, p. cylinder is given in 
column (a). It is, of course, not to be assumed that the 
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figures given in the same line necessarily represent the 
best that either engine can do, and isolated examples form 
no basis for argument, but a comparison of columns (a) and 
(b), together with the points of cut-off, clearly shows some 
of the advantages and disadvantages of the compound as 
compared with the simple system. It is to be borne in 
mind that the results given in the table for compound loco- 
motives represent compound working in all cases, and not 
their capacity when working as simple engines by means 
of starting or distributing valves. The question of starting 
power will be discussed subsequently. 

The table shows that the maximum average mean 
pressure of the compound is less than that readily attain- 
able in the simple engine at slow speeds and late cut-offs. 
For example, in line 3 of the table, the points of cut-off 
being nearly identical, the compound gave an average 
mean pressure of 98 pounds, with 170 pounds boiler press- 
lure, as against a mean pressure of 133 pounds for the simple 
engine, with 148 pounds boiler pressure. The compound 
is evidently deficient here, and it is necessarily so. The 
total possible range of pressure in the two cylinders is from 
170 pounds to the atmospheric pressure. If there were no 
losses and the full initial pressure could be maintained 
throughout the h. p. stroke, the maximum mean pressure, 
assuming two as the cylinder ratio and an equal division of 
work, would be two-thirds of 170 in the h. p., and one- 
third in the 1. p. cylinder, or about 113.3 and 56.7 pounds 
respectively. These are the maximum mean pressures at- 
tainable with 170 pounds boiler pressure. It follows di- 
rectly from this that if it is required that the compoimd 
shall have tractive power equal to that of the simple en- 
gine in this case, the area of the high-pressure piston 
would have to be greater than that of the simple engine, 
in the proportion of about 133 to 100, even though the 
boiler pressure be increased 30 pounds. 

On the other hand, a further inspection of columns (a) 
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and (b) shows that at the earlier points of cut-off and 
higher speeds, the compound engine is about equal to the 
simple engine, from which it follows that a high-pressure 
cylinder of the same size as one cylinder of the simple 
engine would be sufficient. The correct size for the h. 
p. cylinder is undoubtedly somewhere between these 
two limits ; for if designed for the power necessary at high 
speed it will probably be deficient at slow speed and late 
cut-off ; and on the other hand, if made large enough to 
meet all emergencies, the engine will be over-cylindered 
for ordinary running. If over-cylindered, the effect will 
be that, when the only work required of the engine is to 
maintain the speed on level parts of the road, the necessary 
mean pressure will be obtained with an earlier cut-off than 
is advisable with the common forms of valve gear, and as a 
result of the large ratio of total expansion, the final press- 
ure in the 1. p. cylinder will be very low, possibly below the 
atmospheric pressure. The conclusion which seems evident 
is, that in designing a compound to take the place of a 
simple locomotive, the basis for calculation should be, as 
has been already stated, a detailed record of the work done 
by the simple engine, taking into account the number and 
rise of grades, the variation in weights of trains, and the 
frequency of stops. 

The table also shows clearly one of the causes of the 
economy of the compound locomotive. Comparing Unes 
11 to 17, inclusive, we find that the average mean effective 
pressure of the compound engines is 56.5 against 58.7 in 
the simple engines, the average cut-off being .33 in the 
h. p. cylinder of the compoimd and .36 in the simple engine. 
It appears from this that the compound engine will do 
the same work with about one-half the volume of steam. 
This is not, of course, a measure of the economy, but it is 
an indication of one of the causes of the economical per- 
formance of compoimd locomotives. 

In the National Car and Locomotive Builder of Sep- 
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tember, 186B, were given a number of indicator cards 
which serve admirably, in ccmnection with data given in 
the accompanying description, as an illuatration of the ap- 
plication of the principles of design just discussed. Partic- 
ulats are given of twenty-seven cards, for which the speed 
ranges from 120 to 813 revolutions, and the mean effective 
presBurea from 71.8 to 41.8 pounds, the average mean effec- 
tive pressure being 49.8 and the mean cutoff about .34. The 
engine was hauling the New York and Chicago Limited, 




and only one stop was made between New Tork and 
Albany. An examination of the above table indicates tiiata 
twcKiylinder compound locomotive having a high-pressure 
cylinder of the same size as a cylinder of the simple 
engine, and vrith 170 or 175 pounds boiler pressure, could 
haul this train under ordinary circumstances without dif- 
ficulty, the only additional requirenient which is apparent 
being the adoption of some form of starting valve which 
will insure a starting pressure of about 1S2 pounds in the 
h. p. cylinder and its equivalent in the 1. p. cylinder. This 
appears to be a very simple case, the principal remaining 
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question being, how often would the engine be required to 
develop more power than is shown by these indicator cards ? 
The tecords of the road should furnish the answer which 
will indicate whether it is necessary or not to increase the 
size of the cylinders, and if so, the amount of such increase. 



Starting Power of Two-Cylinder Compound Loco- 
motives. — So much has been written on this subject, and 
so little has been really logically demonstrated, that it may 
be well to first briefly investigate the starting power of 
locomotives of the ordinary form in order to compare the 
two systems intelligently. 

It is the almost universal practice to measure the trac- 
tive power of locomotives by applying the formula, 

d^ X) s 
T = — ^ in which d = the diameter of the cylinders in 

inches, p = the mean effective pressure in pounds per 
square inch, s = the stroke in inches, D = the diameter of 
the driving wheels in inches, and T — the tractive power 
or pull at the rail in pounds. This formula is based upon 
the fact, that, neglecting friction, the work done in both 
cylinders during any period, such as one revolution, is 
equal to that done at the circumference of the driving 
wheels during the same time. The work done in the cyl- 
inders in inch-pounds is 2 X area in square inches X mean 
effective pressure X twice the stroke in inches = 2 X i 
Tt d^ Xp X^s.; that at the rim of the driving wheels is 
the pull in pounds X the circumference of the wheel in 
inches = T X Tt D ; therefore, 

rp _ 2x|r?rd8 XpX28 _ d^ps 

TtD " D ' 

It follows from the method of deduction that this formula 
gives an average value for the pulling power, and therefore 
that, while it furnishes a ready method of comparing the 
pulling power of locomotives under ordinary conditions, 
it is of very littie use in estimating the starting power. 
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eiace the mtnjmtim pull, and not the average, is then the 
measure of the power of the locomotive. 

In the ordinar7 locomotives, asauming that steam can be 
adtnitted during the full stroke, and neglecting the effect 
of angularity of connecting roda, the minimum pull oc- 
curs when oae crank ia oo the half center, the other being 
at a dead point, and the maximum pull is developed when 
both cranks make aa angle of 45 degrees with the center 
line through the dead points. This can be readily demon- 
strated by calculation, or by a graphical construction. 
There are several methods of representing rotative efiforte 
graphically, one of which is shown by Fig. 31, in which 
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the dotted line a . . a represents the rotative effort, or the 
tai^entialpullorpuah, ononecrankpiu,and b . . bisthat 
of the other at right angles to it, the steam pressure being 
assumed as constant throi^hout the stroke. The 
method of construction is as follows: Let A £ be 
the length of the circumference of a circle, of which C D, 
Fig. 25, is the radius. It can be readily shown that the 
component D F, of the pressure on the piston D U, which 
tends to produce rotation, is proportional to the sine of the 
angle a, through which the crank has turned from a dead 
point. Divide the line A B and the circumference in Fig. 
25 into the same number of equal parts. Then through the 
points of divbion on A B lay off perpendicular distances, 
auchas kd. equal to the lines which represent the sines of 
the angles in Fig. 25, sucta as £ D. 
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The dotted ciirve a a represents the variations in rotative 
efforts on the crank starting from C L durinej one revolu- 




Fig.d5 

tion, and the curve b 6, shown by a broken line, represents 
the variations in efforts on the crank starting at C M, or at 
right angles with the first. The total rotative effort is 
shown by the ordinates of the full line curve in Fig. 24, 
which is obtained by adding the ordinates of the curves 
for the single crank, for example, fm^fg-bfh. It is 
evident that the value of the toted effort varies between 
A N and ke. In the first case, one crank is on a dead 
point, and the other is on the half center, or midway be- 
tween the two dead points. The pull at the rail is then 
ind* X p X s ■*• D, which is .7854 of the tractive power 
as found by the ordinary formula. In the second case the 
pull is twice that of one crank when making an angle of 
45 degrees with the center line, or it is i ;r d* X p X 2 X 
.707s -+- D, which is 1.11 of the tractive power as usually 
estimated. It is also clear that there are four maximum 
and four minimum points during a revolution. These 
values are determined, as has been said, on the basis that 
a constant steam pressure can be maintained throughout 
the stroke, which would be the case in starting if steam 
could be admitted to the cylinder during the whole stroke. 
But when the latest cut-off takes place, when the piston is 
some distance from the end of the stroke, as, for example^ 
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at 21 inches with 24 inches stroke, the engine may be in a 
worse position for starting than that given above as a 
mlnimnTn. When one piston is 21 inches from the be- 
ginning of its stroke the other will be about four inches 
from the beginning of its stroke, and its crank will have 
turned through about 50 degrees from a dead point. If 
cut-off takes place at 21 inches, no steam can be admitted 
to that cylinder during the remainder of the stroke, and 
the work of starting devolves upon the other cylinder. 
When the piston has moved four inches from the be- 
ginning of the stroke the rotative effort is about three- 
fourths of the maximum for one cylinder, and is, there- 
fore, about .589 of the tractive power as usually estimated. 
This corresponds to an ordinate of the curve a a, a little to 
the right of k d, and is evidently the most difficult posi- 
tion from which to start the ordinary locomotive. The re- 
duction in the rotative effort on account of the fall in 
pressure due to the expansion after cut-off and release 
will be slight. It can be shown on the diagram by laying 
off radial distances such as C P and C R on. the proper 
radii to represent the pressures for these crank positions, and 
using the lines P Q and R S for ordinates in Fig. 24 instead 
of those used before. The final effect is shown by the 
dotted curve at n, Fig. 24. 

As the locomotive starts the mean effective pressure in 
the cylinders will be somewhat reduced, but the reduction 
will not be of large amount within what may be called the 
starting limits, or until the link would ordinarily be 
hooked up. As the speed increases the inertia of the 
reciprocating parts, etc., will be sufficient to modify the 
form of the diagram of crank efforts, but it la not necessary 
to consider that in estimating the starting power. 

Turning now to the compound locomotive, it is apparent 
that in the Mallet system the starting conditions are almost 
identical with those in the simple locomotive. If the h. p. 
cylinder is of the same size as one cylinder of the simple 
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locomotive, and fhe cylinder ratio is two, it is only neces- 
sary to admit steam of one-half the boiler pressure to the 
1. p. cylinder in order to have starting power equivalent to 
that of the simple engine, the same boiler pressure being 
used. If the 1. p. initial pressure is greater than one-half 
the boiler pressure, the starting power of the compound will 
be greater than that of the simple engine in all positions in 
which the 1. p. cylinder is available for use in starting, that 
is, except when the 1. p. crank is on a dead point, or when 
the 1. p. valve is in such a position that steam cannot be 
admitted. If the boiler pressure of the compound is higher 
than that of the simple engine, and the h. p. cylinder is 
the same size as one of those of the simple engine, the 
starting power of the compound engine will be the greater 
in about the proportion of the two boOer pressures. 

In the Worsdell and von Borries type of compound loco- 
motive the conditions in starting are quite different from 
those just described. When steam is admitted to the re- 
ceiver by means of the starting valve, the intercepting 
valve is closed, and the h. p. piston .therefore starts 
against the pressure of the steam or air which filled the 
receiver just before the starting valve was opened. The 
amoimt of this receiver pressure will depend upon the 
length of time during which the engme has been standing, 
the condition of valves, etc. If at starting the h. p. crank 
is at a dead point, the pencil of an indicator, which is ap- 
plied to the steam end of the h. p. cylinder during the first 
stroke, will trace a line similar to a he, Fig. 26, The 
back pressure acting against the other side of the piston 
during this stroke is shown by a line such as d e, the press- 
ure at e being somewhat greater than that at d on account 
of the compression in the h. p. cylinder and receiver. The 
initial back pressure is assumed in the present case as 
equal to the atmospheric pressure. The diagram, abc ed, 
thus represents what may be called the effective indicator 
card for the first stroke of the h. p. piston. 
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When the h. p. exhaust opens the pressure in that cyl- 
inder and the receiver will fall t6 some point g, which can 
be only approximately determined by calculation. It is 
located on Fig. 26, by calculation on the basis of no conden- 
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sation or evaporation during the exhaust. The forward 
pressinre on the h. p. piston during the second stroke will be 
similar to that during the first stroke, and is shown in Fig. 
26hjhkL The back-pressure line during this stroke will 
consist of, first, a curve g m, which represents the com- 
pression by the h. p. piston of the steam which fills the 
space between the h. p. piston and the intercepting valve, 
until that valve opens; and second, of a line m n, of nearly 
constant pressure, which represents the back pressure dur- 
ing the remainder of the stroke, after the intercepting 
valve opens and the starting valve is closed. It is generally 
stated that the pressure of the steam, which is admitted di- 
rectly to the receiver in starting is reduced by wire draw- 
ing to about one-half the boiler pressure. Assuming this 
to be correct, the h. p. back pressinre will become sufficient 
to open the intercepting valve when about five-eighths of 
the second stroke has been accomplished, as indicated at 
m, Fig. 26. The net diagram from which the effective 
pressure on the h. p. piston for the second stroke can be 
obtained is then hklnmg, A diagram of rotative 
efforts constructed from these indicator cards is shown in 
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Fig. 37 by the carve AECFB, from which the rednced 
eSort reaulting from the increasing back presauce during 
the second stroke is apparent. 

TIte diatributioii of work in the 1. p. cylinder in starting 
does not diSer from that in the simple engine. The rota- 
tlve effort will, therefore, be represented by a curve such 
as HK L D M, Fig. 27, which Iiaa the same form as the 




Fig. 27 



single crank curves in Fig. 24. The curve in Fig. 27 is 
oonstructed on the basis of the initial 1. p. pressure, being 
one-half of the boiler pressure. If the initial pressure is 
greater tlian this, the ordinates of the curve between H 
and E, E and,X>, etc., should tie pn^xntiCHiBtely increased. 
The combined effort of the two cylinders is shown in Fig. 
27 by the full line curve. The intercepting valve opens at 
about the point /, and from that point the engine will work 
as a compound. It has been already shown that when 
80 working with the customary pressures the power 
developed at late cnl^ifB is less than tliat of the simple 
engine. The location of the point at which the intercepting 
valve opens depends upon the pressure in the receiver 
before starting, the pressure of the steam admitted to the 
receiver by means of the starting valve, and the size and 
location of the receiver. For any given combination of 
conditions it will be found at a definite distance from the 
point C, or from the end of the first stroke of the h. p. 
piston. In the present case this point was found to he 
about five-eighths of the stroke from C, It is obvious that 
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this action is not at all dependent upon the first stroke of 
the h. p. piston, but only upon the exhaust from that cyl- 
inder. It follows from these considerations that, if the h. 
p. crank is at a dead point at starting, the engine will move 
through something over three-fourths of a revolution be- 
fore compound working begins ; but, on the other hand, 
if the h. p. piston is at the position corresponding to P, or 
near the point at which cut-off takes place, the compound 
working will begin after about seven-sixteenths of a revolu- 
tion. If the h. p. crank is in some position such as Q, at 
which the steam valve is closed, the starting must be ac- 
complished by the 1. p. cylinder alone; but after a slight 
movement, sufficient to carry the h. p. crank over the dead 
point, the cycle will continue as if started at A, the effect 
being to prolong the time of direct working of the 1. p. cyl- 
inder to about seven-eighths of a revolution. 

After compound working conmiences, and while ad- 
mitting steam for as much of the stroke as possible, the 
combined diagram of rotative efforts would be similar to 
Fig. 24, but with a smaller mean effective pressure, the 
propoi-tion being with boiler pressures of 170 and 150 
pounds in the two types, not greater than 110 to 122, as has 
been already mentioned. The two diagrams Figs. 24 and 
27 are not drawn to the same scale of pressures, but the 
shape of the full line curves represents with reasonable 
accuracy the variations in rotative efforts in the simple 
and compound locomotives. In conclusion, it appears 
that, with the pressures customary in the two forms, the 
pulling power of the Worsdell and von Borries* type of 
compoimd locomotive in starting may be greater than that 
of the simple engine having cylinders of the same size as 
theh. p. cylinder, during the first half revolution ap- 
proximately, but that after this the power of the compound 
engine diminishes imtil it is from eighty to eighty-five per 
cent, of that of the simple engine. 

There is another type of two-cylinder compound locomo- 
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Kve which has not as yet been described in these pagea and 
for which somewhat different conditions exist in starting. 
In this form the marine practice is followed ot placing a 
valve or cock on the receiver, by which steam from the 
boiler can be admitted to the receiver and the 1. p. steam 
chest, without the addition of intercepting valves or other 
complications. This arrangement was applied to a, two- 
cylinder compound locomotive in India by Mr. E. W. McK. 
Hughes, in 188S, and is in use in Germany in a modified 
form known as the Lindner starting valve. The latter is 




illustrated by Fig. 28, which is reproduced from the Bail- 
Toid Gazette. In Fig, 38, is the receiver, £ is a small 
pipe connecting the receiver and the main steam pipe, and 
J is the starting valve, which has two ports, ffand/, 
formed in it at right angles. The lever K by which the 
valve is operated ia connected to the reach rod, and the 
proportions are such that K turns through ninety degrees. 
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as indicated in the figure when the reverse lever is moved 
from one extreme position to the other. The effect is that 
steam from the boiler is admitted to the receiver when the 
valve motion is in either the extreme forward gear or the 
extreme backward gear, and that the cock is closed for 
intermediate positions. Another feature of the Lindner 
system is the introduction of two small ports, each having 
an area of about 0.17 square inch, in the high pressure 
slide valve, which are so located that when the valve covers 
the steam port, as after cut-off takes place, that end of the 
cylinder is connected by means of one of these small ports 
with the exhaust side of the valve and thus with the re- 
ceiver. The effect is to admit steam at low pressure to the 
end of the h. p. cylinder, which is covered by the slide 
valve, and as the other end is then open to the exhaust and 
hence to the receiver pressure, the pressure on the two 
sides of the h. p. piston is partially equalized. In other 
words, the effective back pressure on the h. p. piston is more 
or less reduced, so that it offers little resistance in starting. 
This device is, of course, useful in starting only for the 
piston positions between full gear cut-off and the end of the 
stroke. 

The possible effect of this arrangement of starting gear 
wiU depend upon whether or not a safety valve is provided 
to limit the maximum pressure in the receiver. If this re- 
ceiver pressure is equal to one-third of the boiler pressure, 
with a cylinder ratio of two, the effect of the starting valve 
is to enable the engine to start with very nearly the same 
distribution of pressures on the pistons as would be found 
when it is working as a compound in full gear. The re- 
sulting rotative efforts will then be represented by a curve 
such as the full line curve in Fig. 24, the ordinates or actual 
pressures, however, being less than those for the simple 
engine in about the proportion of 113 to 150, with boiler 
pressures of 170 and 150 pounds. 

If the receiver pressure is allowed to become higher 
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than one*third the boiler pressure, the back pressure on the 
h. p. piston is increased proportionately, and the result is, 
that the power of the h. p. cylinder is reduced, while that 
of the 1. p. cylinder is increased. The advisability of using 
the higher pressure depends upon the positions of the cranks 
at starting. If the 1. p. crank is at a dead point, the maxi- 
mum effort will be obtained by not admitting any steam to 
the receiver at the instant of starting, but before the en- 
gine has made one-eighth of a revolution pressure in the 
receiver will be necessary to enable the 1. p. piston to act. 
The other extreme is when the h. p. crank is at a dead point 
in starting. When this is the case, the 1. p. crank being 
then on the half center, full boiler pressure could be ad- 
vantageously used in the 1. p. cylinder, with the result of 
obtaining a rotative effort about four times as great as in a 
simple engine siting with the same crank positions. But 
similarly to the first case, the receiver pressure should be 
reduced almost as soon as the engine begins to move, or 
else the h. p. piston will be practically thrown out of ac- 
tion, and the engine might be stalled after making one- 
fourth of a revolution. 

It appears, then, that with this starting valve and a 
properly loaded safety valve the starting is very simple; 
but the power is less than that of the simple engine having 
cylinders of the same size as the h. p. cylinder of 
the compound, the boiler pressures being 170 and 150 
pounds, respectively. With no safety valve, the utility of 
the device depends upon the position of the crank and the 
judgment of the engineman, and to this it should be added 
that the 1. p. cylinder, piston, rods, etc., must be made 
strong enough to bear the full boiler pressure. 

It is evident that each of the several types of starting 
arrangements has decided advantages and disadvantages. 
With the Mallet type considerable complication seems un- 
avoidable, but the cylinders can be proportioned for the 
usual work on the road, and the engine will nevertheless 
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be very powerful in starting. With the Worsdell and von 
Borries type there is also complication, and the engine if 
proportioned as above will be powerful at the start, but 
the power rapidly decreases. The Lindner type has the 
advantage of great simplicity, but the cylinders must 
be considerably larger than for a Mallet engine of equal 
starting power. 

Condensation in Cylindebs.— It is not intended to dis- 
cuss under this heading the effects of initial condensation 
and re-evaporation during expansion and during exhaust, 
but rather to call attention to some of the special require- 
ments of the compound locomotive in this connection. It 
has been repeatedly shown by writers on compound en- 
gines that the loss from condensation should be less in the 
compound than in the simple engine, under similar condi- 
tionS; but the gain in this direction may be more than 
overcome by faulty mechanical arrangement. That is to 
say, if the cylinders, steam passages and receiver are poorly 
protected from losses by radiation, the loss by condensa- 
tion may become sufficiently great to seriously diminish 
the theoretical thermal advantages of the compound en- 
gine. 

When steam which is iuitially dry is expanded in a non- 
conducting cylinder, or without gain or Ides of heat, a par- 
tial condensation takes place, and the greater the range of 
pressure is during expansion, the greater will be the con- 
densation. As the transfer of heat between the steam and 
the cylinder walls is less in the compoimdthan in the simple 
engine, the conditions in the compound are more nearly 
those of non-conducting cylinders, while the ratio of ex- 
pansion is greater, and hence a greater amount of conden- 
sation during expansion might be expected. Therefore, if 
the initial steam is dry in both cases, we would expect to 
find more moisture in the 1. p. cylinder of the compound at 
the end of the expansion than in the simple engine. This 
is by no means a complete statement of the case, and is 
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only intended to indicate why the presence of considerable 
moisture in the exhaust from a compound locomotive is 
not necessarily evidence of imeconomical working. 

In discussing this subject, Mr. von Borries has written 
substantially as follows: ''Since in compound engines re- 
evaporation is very much lessened — one of the advantages 
of the system — ^the steam in the cylinders is always more 
moist than usual, and in the large cylinder always con- 
denses to some extent. In order that the water may not 
have an opportunity to re-evaporate, it should be removed. 
This is most readUy accomplished by cutting notches about 
2 millimeters (0.03 inch) in width in the cylinder cocks with 
a sharp-edged file ; by this means the cocks are kept suffi- 
ciently open to allow the water to escape." ** The steam 
escaping from the stack is always wet ; this, however, 
attends the system, and is no sign of priming, but of the 
facttliat much heat has been withdrawn and converted 
into work.'* 

In some designs of compoimd locomotives "safety valves," 
or, more properly, automatic water valves, are fitted to the 
1. p. cylinder to prevent damage by possible accumulation 
of water. This is, however, good practice for all large 
steam cvlinders. 

The above remarks simply emphasize the statement 
already made as to the advisability of carefully lagging the 
cylinders, and of inclosing the receiver in the smoke-box 
in order that the steam delivered to the 1. p. cylinder may 
be as dry as possible. 

Exhaust Nozzles. — There is a very noticeable difference 
Ix'tween the exhaust from compound and simple locomotives. 
AS the average expansion in the compound is considerably 
j^roator than in the simple engine, the final pressure in the 
low-pressure cylinder is comparatively low and the 
intensity of the blast is therefore much reduced. Also, 
instead of four exhausts in rapid succession during a revo- 
lution there are but two, and the total volume of steam 
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exhausted in a revolution is somewhat greater. The re- 
sult is a more even and less intense urging of the fire, 
from which more perfect combustion and transfer of heat 
to the boiler are to be expected, while the quantity of 
small coal drawn through the tubes will be proportionally 
less. 

The single circular nozzle appears to be the favorite with 
the designers of compound locomotives abroad, the 
diameter of the nozzle being in the two-cylinder compound 
engines concerning which the writer has information, 
about one-fifth pf the diameter of the low-pressure cylin- 
der. The best proportion will naturally have to be deter- 
mined by experience for different kinds of coal and for the 
various kinds of service. 

Sequence of Cranks. — The natural sequence of the 
cranks in two-cylinder compound locomotives would seem 
to be to place the low-pressure crank 90 degrees behind the 
high-pressure crank for forward running. Mr. Urquhart 
is reported as having tried the effect of placing the low- 
pressure crank leading in forward motion. The following 
is quoted from a paper recently read by him in England, as 
given by the Master Mechxatc : **From indicator diagrams 
taken in forward gear with the latter arrangement, it ap- 
pears that inconvenient and very excessive compression 
takes place at the first notch in the high-pressure cylinder; 
so much, indeed, that this notch is not used, but in all 
other notches a good distribution takes place. In the low- 
pressure cylinder a much better distribution takes place at 
all notches compared with engines having the high- 
pressure crank leading; and this engine with the low- 
pressure crank leading, which has only recently been put 
to work, seems to develop more power and to burn less 
fuel than the others having the high-pressure crank lead- 
ing. . . . The receiver capacity is equal to that of the 
high-pressure cylinder, and all the dimensions are the same 
in both the above cases. The idea of making one engine, by 
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way of trial, with the low-pressure crank leading in forward 
running originated in its being accidentally noticed that 
one of the other engines, compounded with the high- 
pressure crank leading in forward running, seemed to work 
better and to be more powerful, developing its full tractive 
force with an earlier cut-oflf and making steam with greater 
freedom, when running backward with its train, in which 
case, of course, the low-pressure crank became the leading 
one. . . . The only objection the author now sees to the 
low-pressure crank leading is that it gives too much power 
in the large cylinder and too little in the small, thus putting 
the engine out of equilibrium; but this irregularity will in 
a great measure be obviated by having a receiver about 
half as large again as those now used on all the present 
compounds." 

The writer has not as yet been able to discover any 
reason why, with a valve gear which gives an approxi- 
mately equal distribution for both ends of the cylinders, 
and with the usual long connecting rods, there should be 
any practical difference in the steam distribution with the 
two arrangements of cranks mentioned. Neglecting for 
the moment the irregularity caused by the connecting rods 
for any position of the high-pressure crank, the low-press- 
ure is at the same relative point in its revolution whether 
it is leading or following. For example, if the high-press- 
ure crank is at a dead point, the low-pressure crank will be 
at either the upper or the lower half center, and the piston 
and valve will be in the same relative positions, the only 
difference being that the piston is making the forward 
stroke in one case and the backward stroke in the other. 
The same is evidently true for all positions of the high- 
pressure crank. The relative direction of the stroke wiU 
be changed, but the high-pressure piston will be at the 
same distance from the beginning of a stroke, whether its 
crank is leading or following. The irregularity in steam 
distribution caused by the connecting rods must be slight 
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with the long rods which are commonly used in locomotive 
practice. 

It would seem that there must be some other explana- 
tion of the difference found by Mr. Urquhart than the 
sequence of the cranks, and that the real causes has escaped 
his notice daring the short time which this engine, with 
the low-pressure crank leading, has been in operation. 



EC0N03IY OP Two-Cylinder Compoxjnd Locomotives.— 
The various reasons why compound locomotives should 
be more economical than those of the common type have 
been so often stated at length before the railway clubs in 
this country, before engineering societies abroad, and by 
the advocates of the different systems of compoimd loco- 
motive construction, and the whole theory of compound 
or multiple-cylinder engines has been so thoroughly devel- 
oped, especially in the numerous books on the steam en- 
gine, that an extended discussion of the question in this 
chapter seems to be uncalled for. Nor does the compound 
locomotive need the support of arguments to show why it 
should be more economical than locomotives of the or- 
dinary type, inasmuch as the economy of the compound 
has been repeatedly demonstrated by that best of all argu- 
ments, actual tests in service. 

Admitting, then, that a noticeable saving in fuel follows 
the use of compound locomotives, there remains to be 
shown the actual amount of this saving, under what cir- 
cumstances it will pay to build compound locomotives, and 
the conditions which will make it advisable to alter existing 
simple locomotives. 

The accompanying table contains a list of comparative 
tests of compound and simple locomotives which would 
seem to be sufficiently comprehensive in number, duration, 
boiler pressures, location and kind of service to convince 
the most skeptical that there is considerable saving in the 
use of the compound system. The data for this table have 
been collected from varrious sources which are presumably 
reliable. A considerable number of tests are quoted from 
Mr. Lapage, and for the more recent results in Saxony, I 
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am indebted to Mr. D. L. Barnes. The table shows that 
the saving in fuel is from 13 to 24 per cent. , and it will be 
noticed that the highest percentage of saving is for a six 
months' trial (No. 14) of two engines working with the 
same boiler pressure and of almost identical dimensions. 
Other cases in wliich the same boiler pressure was used are 
Nos. 2, 4, 6, 7, 16 and 19. In No. 7 the boiler pressure was 
but 120 pounds, wliich is generally admitted to be too low 
for the best results ot compound working. The saving in 
this case was 13.5 per cent., and the next lowest, with 
equal boiler pressure, is (No, 6) 16 per cent. 

It has been claimed by several engineers, whose reputa- 
tions give weight to their opinions, that a large part of the 
economy of compound locomotives is due to the higher 
boiler pressures employed, and that equally good results 
can be obtained with simple engines. On the other hand, 
engineers of equal prominence have failed to find any ma- 
terial advantage in the use of what may to-day be called 
high pressures in ordinary locomotives. There is undoubt- 
edly from theoretical considerations a marked economy in 
the use of high pressures, provided that full advantage is 
taken of the greater range of expansion which the higher 
pressure makes possible. It is not practicable to obtain 
economical results if a large ratio of expansion is used in 
one cylinder, on account of the greater condensation, to say 
nothing of the great variation in the pressure on the crank 
pin during a stroke. We thus find two conditions which 
are conflicting as the pressure is increased, and in the loco- 
motive we have the further obstacle that with the ordinary 
forms of valve gear it is not practicable to cut off steam 
very early in the stroke. There Is no advantage in using 
higher pressures and correspondingly smaller cylinders, so 
that the points of cut-off will remain about the same as 
with the lower pressure, because while the volume used 
per stroke to o')tain the same total pressure on the piston 
is less, the weight of each cubic foot of steam has increased 
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with the pressure, and the amount of heat drawn from the 
boiler per stroke will be very nearly the same. 

In the compound or multiple-cylinder engine advantage 
may be taken of the possibilities of high-pressure steam 
without encountering the losses which follow from 
extremely early cut-offs in a single cylinder. This is 
another point of superiority of the compound engine, and 
while some saving may be accompUshed in the simple 
locomotive with higher pressure by means of somewhat 
smaller cylinders and a slightly earlier cut-off where 
practicable, it does not appear that a saving of fuel equal 
to that of compound engines can be reasonably expected. 

The general average of the results in the table, computed 

by giving each test a value proportionate to the time 

covered by it, is 18.5 per cent. Making allowance for the 

.probability of special can* having been exercised in some 

of these tests in favor of the compound, it would seem to 

be safe to estimate upon the basis of 15 per cent, saving. 

The annual saving per engine on any road on the basis of 

an assumed percentage, such as 15 per cent., is of course 

easily calculable from the record of engine mileage and 

fuel consumption. If the ordinary engine for which it is 

desired to substitute a compound makes M miles per 

annimi and T miles per ton of coal, which costs D dollars 

per ton, the annual saving by the compound would be in 

.15 X M )< D. 
dollars * j, For example, with coal at $2 per 

ton, 30 miles per ton, and 20,000 miles per annum, the 

,^ ^ 20.000 X 2 X .15 
annual saving per engine would be qq 

= $200. It is obvious that the advisability of using the 
compound system varies directly with the total cost of fuel 
per engine per annum, and not necessarily upon the cost 
of fuel per ton. For instance, with 25 miles per ton, 25,000 
miles per annum, and coal at §1.33 per ton, the annua) 
saving per engine will be the same as that given above. 
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Mr. von Borries gives the cost of his compound locomo- 
tives in one case as from 2 to 3 per cent., and in an- 
other case 4 per cent., more than ordinary locomotives 
of equal weight. He also states that " The power of com- 
pound freight locomotives is known by experiment to be 
5 to 10 per cent, and of compound passenger and ex- 
press locomotives 10 to 15 per cent, higher than that 
of ordinary locomotives of equal weight, so far as not 
hindered by the adhesion of drivers to rails. For an equal 
power the compound passenger locomotive is Ughter and 
cheaper than the ordinary locomotive." Accordingly, for 
equal powers, the first cost is ** in freight engines two to five 
per cent. , and in passenger engines eight to twelve per 
cent, lower than ordinary locomotives, similar construction 
ot course being assumed in both cases." Mr. Lapage makes 
a similar argument in comparmg a compound with 
a simple engine weighing about 36^ tons full. **As 
there is a saving of from 14^ to 20 per cent, of 
fuel, the grate area and heating surface may be 
reduced in proportion, and also the boiler slightly; 
and the boiler not being so large will bear a 
somewhat higher pressure, while the weight of water 
in it will also be less. These items make a consider- 
able difference, for the boiler alone weighs about 8.75 tons, 
and the water it contains about 2.4 tons, making a total 
weight of 11.15 tons, of which about 1.5 tons may be saved 
with the compound. Again, the motion work, springs 
etc. , may be made somewhat lighter, as the strain on the 
compound is not so great as on the ordinary engine. With- 
out taking this into consideration, however, there is a sav- 
ing in metal of about .75 ton in the boiler alone." The 
saving in the weight of the tender, as less fuel and water 
are required for the same service, is estimated at about two 
tons, thus making the saving of metal in the engine and 
tender about three tons. " The cost of the compound for the 
same power is thus brought to about the same as that 
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of the ordinary engine, or rather less. The engine and 
tender being lighter and requiring less coal and water, 
there is a consequent saving in the hauling." 

These conclusions are logical, but it does not follow that 
it will be considered advisable in many cases to reduce the 
capacity and consequently the weight of the tender, as the 
increased endurance of the engine with the present tank 
and coal space may be of more importance. However, the 
subject of the most economical capacity of tenders for a 
particular line of service has not in many cases received 
the attention to which its importance entitles it. On the 
assumption that the proportions of the boiler of the simple 
engine which is to be replaced by a compound are satisfac- 
tory, including grate and heating surface and steam space, 
there is a possible reduction in these which is worthy of 
consideration. To offset this we will have the increased 
weight of cylinders, pipes, etc., in the smoke-box, and or- 
dinarily some increase in the thickness of boiler plates fol- 
lowing the increased pressures. In view of the lack of ex- 
X)erimental data of compound locomotives in this country 
at the present time, it would seem to be advisable to disre- 
gard these possible reductions in first cost. 

The figures given by Mr. von Borries, from two to four 
per cent, more than the cost of ordinary locomotives of equal 
weight, or, on the above basis, for the same work, are pre- 
sumably based upon the cost of a nimiber of engines, and 
would not therefore be sufficient for a single engme if the 
cost of drawings and other expenses incident to getting out 
a new design are to be charged to it. But even if all ex- 
penses which are properly chargeable to the engine are in- 
cluded, it is apparent that the probable saving of 15 per 
cent, will secure a good return from the investment. It is 
claimed by the advocates of some of the various systems 
of compound locomotives that the cost of their mainte- 
nance is no greater than that of the ordinary engines. 
This claim appears to be reasonable, as the slight increase 
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in the cost of repairs which would naturally follow the in- 
troduction of additional parts may be balanced by the in- 
creased endurance of the boiler, taken all together, on ac- 
count of the diminished intensity and frequency of the ex- 
haust. 

The cost of converting simple locomotives to compound 
will depend largely upon the type which the working con- 
ditions make it advisable to adopt. The simplest case will 
be that in which one cylinder of the ordinary engine can 
be retained for the high-pressure cylinder of the compound, 
and a simple form of starting gear such as Lindner's is 
adopted. The minimum changes required will then be a 
new cylinder and piston for the low-pressure, new pipes 
for the receiver, etc., a starting valve and connections, a 
safety valve on the receiver, and probably two new slide 
valves and slight changes in the valve motions. The other 
extreme is apparently that in which two new cylinders are 
necessary, and starting and intercepting valves of the 
Mallet type are adopted. In any case the probable cost 
can be closely estimated from a detailed cost sheet of ordi- 
nary engines of similar dimensions in the shops in which 
the alteration is to be made. Mr. Hughes gave the cost of 
converting a 16 X 24 engine in India, which has been 
already referred to, as about two hundred dollars, which 
is probably considerably lower than the same work could 
benlone for in this country. Judging from such cost sheets 
as are at hand, it seems probable that the minimum cost 
would not be less than three hundred dollars, and may be 
as high as seven himdred dollars for the more complicated 
arrangements. But, even with the latter amount as a 
basis, it is evident that there are many cases in which the 
expenditure would be advisable. 
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THREE-CYLINDER COMPOUND LOCOMOTIVES. 

The first question which naturally arises in beginning the 
consideration of three-cylinder compound locomotives is, 
what are the reasons why that form should be selected in 
any case in preference to the two-cylinder type, which is 
evidently so much more simple ? In answer to this, it may 
be said that the expansion of steam can be carried further 
in some designs of three-cylinder engines*than in the two- 
cylinder type without using cylinders which are excessively 
large, and, therefore, that the advantages of high-pressure 
steam can be more fully realized. The ratio of the volume 
of the low-pressure cylinders to the high-pressure can be 
made greater than is practicable with two cylinders, and a 
more nearly equal distribution of work can, therefore, be 
obtained. By a proper arrangement of cranks a^ more 
uniform rotative power can be« secured, and further^ a bet- 
ter distribution of weights can be obtained than is possible 
with the two-cylinder outside connected type. 

To avoid possible misunderstanding, attention is called 
to the distinction between three-cyUnder compound en- 
gines and triple expansion engines. In the latter the steam 
performs work in three cylinders in succession, the high- 
pressure, the intermediate, and the low-pressure. In the 
former, when released from one high-pressure cylinder 
the steam is divided between two low-pressure cylinders, 
or else the exhausts from two high-pressure cylinders unite 
in the receiver and further expansion takes place in one 
low-pressure cylinder. In general the name compoimd is 
given to those engines in which the steam acts in but ttoo 
cylinders in succession, whether two, three or four cylin- 
ders are used, while triple and quadruple expansion mean 



COMPOUND LOCX)MOTIVES. 89 

that the steam is used in three or four cylmders in succes- 
sion. 

The two possible arrangements of three-cylinder com- 
pound engines have been applied to locomotives ; that 
with one high-pressiu'e and two low-pressure cylinders by 
the Northern Railway of France, while that with two high- 
pressure cylinders and one low-pressure is the arrangement 
of the well-known Webb compound. 

Steam Distribution in Three-Cylinder Compound Loco- 
motives. — ^The fundamental theory of three-cylinder com- 
pound engines does not, of course, differ from that of two- 
cylinder compound engines. The only differences which 
exist are the result of the relative angles of the cranks, and 
are to be found in the variations in the turning moments 
and in the variations in pressures in the receiver. Each 
case must be individually analyzed, and the only difference 
between such analyses and those already given for two- 
cylinder engines is the greater comphcation which arises 
from having three cranks to consider instead of two. As 
an example of the method to be preferably followed in at- 
tempting such an investigation, an arrangement of cranks 
which has been used for a locomotive is selected. In this 
form the low-pressure cranks are at right angles and the 
high-pressure crank makes angles of 135 degrees with them. 
In the first place we assimie the following data: In the high- 
pressure cylinder, cut-off, .75; release, .90; compression, 
.90; in the low-pressure cylinders the same distribution. 

In Fig. 29 are shown successive positions of the three 
cranks, h representing the high-pressure crank, L one low- 
pressure crank, and I the other. Assuming the direction 
of the revolution to be as indicated by the arrow, an ex- 
haust takes place from the high-pressure cylinder when its 
crank is at ^^. One low-pressure crank, l^, is then just 
commencing a stroke, and the other, L^, has accomplished 
about .57 of a stroke, the effect of the angularity of the 
connecting rods being neglected. From these positions 
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there is free communication between the three cylinileiB 
and the receiver until £ moves to I,,, where the cutnsfE 
takes place in that cylinder, the other low-pteaeure crank 




being then at I, and the high-pressure cranb at h,. From 
these positions expansion continues in the cylinder L, 
while there is still free communication between the other 
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low-presBUre cylinder, the receirer and the high-preeeure 
cylinder until the low-pressure crank L arrlTes at L, 
when steam is again admitted to that cylinder for the re- 




turn Btroke. The other low-pressure crank is then at I,, 
and the high-pressure crank is at k,. All three 
cjlindera are now again in communication, and remain 
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SO until the cut-off poeition l^ is reached, the other cranks 
then being at L^ and h^. The two cylinders which are 
represented by h and L remain in communication until 
the positions numbered 5 are reached, when steam is again 
admitted to the cylinder L Soon after this the high-press- 
iu*e exhaust takes place at ^«, and a fresh supply of steam 
is admitted to the receiver, from which it enters both low- 
pressure cylinders whose cranks are at Lj and Z,. These 
positions correspond to those numbered 1, the direction of 
the piston movement only being changed. It is clear that, 
when the exhaust takes place from the high-pressure cyl- 
inder, the low-pressiu:e piston corresponding to Z is always 
near the beginning of a stroke, while the other is near the 
middle of its stroke. The effects of this distribution in the 
low-pressure cylinders are shown in Pig. 30 by indicator 
cards, which are constructed on the assumption of rapid 
valve movements and neglecting the irregularities which 
are caused by the connecting rods. The cards are not 
drawn to a scale and the variations in pressures are pur- 
posely exaggerated. With a relatively large receiver the 
drop in pressure at l^ and L^ will be very small. In prac- 
tice the readmission at ^ would produce a hump in the 
card L, while the card I would have a form which would 
apparently indicate that the valve was late in opening. 

At earlier points of cut-off somewhat different results 
will be f oimd. These are illustrated by Figs. 31 and 32, in 
which it is assumed that cut-off takes place at .4 and re- 
lease at .75 of the stroke in all three cylinders. Taking the 
direction of revolution as before, when release occurs in 
the high-pressure cylinder aih^, one low-pressure crank is 
atXj and the other is at Z^. A very slight movement 
brings the crank L to its cut-off position L^ , soon after which 
steam is admitted to the other low pressure cylinder at Z„ 
and that cylinder is in communication with the receiver 
and the high-pressure cylinder until its cut-off point is 
reached at Z4. There will then be slight compression in the 
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high-pressuie cylinder and the receiver until steam is ad- 
mitted to the L cylinder at the beginning of its next stroke. 
The remaining events of the revolution are similar to those 
already noticed and will be made clear by a study of Fig. 
31. It will be seen that there is still readmission to the 
low-pressure cylinder L, but that this does not affect the 
form of the card from the other low-pressure cylinder. 
With this arrangement of cranks and with the same valve 
adjustment the indicator cards from the two low-pressure 
cylinders will be unlike for all points of cut-off. There is 
in fact but one arrangement of cranks for which the dis- 
tribution in the low-pressure cylinders will be the same, and 
that is when the low-pressure cranks are both at right 
angles with the high-pressure, and therefore either directly 
opposite each other ot parallel. Assuming an equal di- 
vision of work between the three cylinders, the most uni- 
form turning moment will be obtained by placing the 
cranks at angles of 120 degrees with each other, but the 
difference in the distribution in the two low-pressure 
cylinders will still exist, although it is not probable that 
this will be of great importance at ordinary running 
speeQs. 

An examination of the crank positions for the form of 
three-cylinder engine having two high-pressure cylinders 
and one low-pressure cylinder shows similar peculiarities 
in the distribution. This will be evident from Figs. 33 and 
84, which are lettered similarly to Figs. 29 and 31, If and h 
representing the two high-pressure cranks, which are at 
right angles, and I the low-pressure crank, which makes 
angles of 185 degrees with the otheri^. The distribution in 
Fig. 88 is the same as that in Fig. 29, and that in Fig. 84 is 
the same as that in Fig. 81. It will be seen that there is 
readmission to the low-pressure cylinder in both figures; 
but at the earlier cut-off of four-tenths it is not probable 
that the effect on a low-pressure indicator card would be 
noticeable. Placing the cranks at angles of 120 degrees 
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would, 13 in the flrst arrangement of cylindera, produce 
Tt-ry little cliange in the indicator cards. 

It is evident, from the preceding partial analysis of the 
eteaiu distribution, that the construction of theoretical indi- 
cator cards for three-cylinder compound engines will be 
conaidernbly more difBcult than for the two-cylinder type, 
but that the same formulae and methods of ccmstructioa 
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can be used. The remarks which were mad 
two-cylinder compound locomotives in regard to the effect 
of Tarring the capacity of the receiver and the results of 
changing the points of cut-off are equally applicable to 
three-cylinder engines. In fact, the only differences are 
those in the steam distribution, which have been already 
discussed, and which depend upon the angles made by the 
throe cranks, 

A mathematical discussion of the three-cylinder type of 
comjxiund engine, having one high-pressure cylinder tuid 
two low-pressure cylinders, and with the cranks placed at 
angles of 120 degrees with each other, will be found in the 
appendix to " The Marine Steam Engine," by R. Sennett. 
The form having two high-pressure cylinders and one low- 
pressure cylinder does not appear to have been used in 
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marine practice, and its use is not to be expected, inas- 
much as one of the chief reasons for using three cylinders 
instead of two is to avoid excessively large low-pressure 
cylinders. 

In attempting to determine the size of cylinders for 
three-cylinder compound locomotives, the best guide will 
undoubtedly be the results obtained with locomotives of 
that form in practice. When such information is not 
obtainable, the most satisfactory method will be that 
advocated under similar circumstances for two-cylinder 
compound engines, t. e., the construction of , what were 
called for convenience, theoretical indicator cards, and the 
alteration of these as experience dictates, to allow for 
wire-drawing during the opening and closing of valves, 
drop in pressure, etc. The proportions which appear to 
have been generally adopted by Mr. Webb are, high- 
pressure cylinders, 14 inches in diameter; low-pressure 
cylinder 80 inches in diameter; stroke of all pistons, 
24 inches. The ratio of the volume of the low- 
pressure cylinder to that of both high-pressure cylinders is 
thus about 2.8. Assuming a mean forward pressure of 
175 pounds gauge, in the high-pressure cylinders, 
and a back pressure in the low-pressure cylinder 
of 8 pounds above the atmospheric pressure 
and an equal division of work, we can make an 
approximate estimate of the maximum power of the 
engine as follows: The area of the low-pressure piston is 
4.6 times that of one high-pressure piston, and, if the work 
is to be the same in both, the mean pressure in a high- 
pressure cylinder must be 4.6 times that in the low-pressure 
cylinder. As the total range of pressure is 172 poimds, 
and as the mean receiver pressure is approximately the 
same as the mean high-pressure back pressure and the 
mean low-pressure forward pressure, we have : 4.6 X 1. p. 
mean effective pressure = 172 — 1. p. mean effective, whence 
1. p. mean effective = 172 -«- 5.6 = 80.7 poimds. The mean 
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receiver pressure is then 80.7 + 8 = 88.7 by gauge, and the 
mean effective in the high-pressure cylinders is 175 — 33.7 
=141.3 pounds. A similar calculation can, of course, 
be made with any assumed mean forward pressure, and 
this method can also be used for making an approximate 
comparison of the maximum work done in the cylinders of 
the three-cylinder compound with that in ordinary loco- 
motives. For example, if the mean forward pressure in 
the latter is 150 pounds and the back pressure is 3 pounds 
as before, the total effective pressure during a stroke will 
be 2 X 147 X area of one piston. To be the equivalent of 
the compound locomotive this must equal 3 X 1^1.3 X area 
of one high-pressure piston. This gives in the present case 
221.9 square inches as the piston area of the simple engine, 
or in other words a simple engine having two cylinders 
about 16.8 inches in diameter would be equal in power, 
with the assumed pressures, to the compound engine 
having cylinders 14, 14 and 30 inches in diameter, the 
stroke being the same in all cylinders. 

The same method can be used to find dimensions for an 
equivalent three-cylinder engine having one high-pressure 
and two low-pressure cylinders. If the ratio of the volumes 
of the two low-pressure cylinders to that of the high- 
pressure cylinder is 2.3, each low-pressure cylinder will be 
1.15 times as large as the high-pressure. Therefore 1.15 X 
1. p. mean effective pressure = 172 — 1. p. mean effective, 
whence 1. p. mean effective = 80 pounds. The mean re- 
ceiver pressure will be 88 pounds gauge, and the h. p. 
mean effective pressure will be 175 — 88 = 92 pounds. To 
find the piston areas we have 92 X area of the high-press- 
ure piston for this engine = 141.8 X area of a 14-inch 
cylinder, which gives an area of 286.3 square inches, 17.35 
diameter, for the high-pressure piston, and 1.15 times this 
or 271.8 square inches, 18.6 diameter, for each low-pie sure 
piston. An engine having one high-pressure cylinder 1 7.85 
inches in diameter and two low-pressure cylinders 18. & 
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inchee in diameter, ia thus equivalent with the aaeumed 
presauree to one havins; two high-preeaure cylindere 14 
inches in diameter and one low-preesure' cylinder SO 
inches in diameter. The distribution of worlc among the 
three cylindere will be considered in a Bubeequent chapter. 
iLLUsTRiTioira OF Thrkb-Cylindkr Compound Locomo- 
tives. —Before dlHcuaBing other special features of three- 
cylinder compound locomotives, illustrations of the two 
forms will be given. The compound locomotive having 
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me hi^-preasure cylinder and two low-preesure cylindere, 
which was bmit by the Northern Railway of France, and 
to which reference haa already been made, was illustrated 
in Engineering of Dec. 6, 1889. The general arrangement 
of the cylinders and steam connections of this locomotive 
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is shown in Fig. 35. Referring to this figure, h is the high- 
pressure cylinder; Z, I are the low-pressure cylinders; A is 
main steam pipe to the high-pressure cylinder; C, C is the 
receiver; and D, D are the low-pressure exhaust pipes. The 
low-pressure cylinders are placed as usual and have the 
valve chests above. The high-pressure cylinder is placed 
below the smoke-box with its valve chest B below it, and 
is inclined at an angle of one in t/cn. The locomotive is of 
the Mogul type, having six coupled driving wheels, the 
middle axle being the main driving axle for all three cylin- 
ders. The low-pressure cranks are at right angles, and the 
high-pressure crank is midway between them, thus making 
an angle of 185 degrees with each low-pressure crank. It 
will be noticed that the receiver is formed in the cylinder 
castings, and not by pipes, as in the locomotives previously 
illustrated. The high-pressure valves are a special feature 
of this engine. These consist of a main valve and 
a cut-off valve, which slides on the back of or 
below the main valve, the whole forming a combination 
which in principle is the same as the Meyer and Ryder cut- 
offs. The edges of the cut-off valve form an oblique angle 
with the axis of the cylinder, as in the Ryder valve gear, 
and the ports in the main valve are correspondingly in- 
<;lined at the back of that valve, but are twisted so that on 
the face next to the cylinder they are placed as is custom- 
ary. The edges of the exhaust port in the cylinder casting 
are, however, inclined, and the exhaust cavity in the main 
valve is formed to correspond. The yoke which drives the 
main valve does not fit it at the sides, and so permits a 
transverse movement while controlling it longitudinally. 
A second yoke incloses the valve, and permits a longitudinal 
movement, but holds it transversely. This yoke is con- 
nected to a stem, which passes through a stuffing-box in the 
side of the valve chest, and is operated from the cab by 
lever connections. It is clear that the high-pressure cut-off 
<;an be adjusted at any time by means of this connection, 
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•while the valve is so proportioned that in its extreme posi- 
tion the steam and exhaust ports remain open for all posi- 
tions of the high-pressure piston, and steam is thus allowed 
to blow through the high-pressure cylinder without doing 
work. The engine can, therefore, be started by the low- 
pressure cylinders with steam from the boiler, the high- 
pressure piston being then practically inoperative; and as 
the low-pressure cranks are at right angles, the starting 
conditions will be the same as for a simple locomotive. The 
principal dimensions of this locomotive are as follows : 

Diameter r. f. high-pressure cylinder (original ) 18.11 inches. 

•• *^ " " (present) 17 

" ** low-pressTire cylinders (2) 19.69 " 

Stroke of all pistons 27.56 " 

Diameter of driving wheels 64.9 *' 

Boiler pressure, gauge 199 pounds. 

Diameter of boiler, smallest inside 52.3 inches. 

Tubes, 208, 1.77 inches, length 13 ft. 1.48 inches. 

Grate area *. 22.5 sq.ft. 

Heating surface 1224.9 " 

T^eight in working order, total 106,176 pounds. 

" ** " on driving wheels 90jM4 ** 

Xiow-pressure valve gear Walschaert. 

£xhaust nozzle, 4.21 inches in diameter, originally 5.51 inches. 

The general arrangement of the cylinders and steam 
<5onnections of compound locomotives of the Webb system 
is illustrated by Fig. 36. In this figure A, h are the high- 
pressure cylinders, which are placed so that the centers are 
in a transverse line about four feet back of the front tube 
sheet, and which are connected to the second pair of 
driving wheels. The low-pressure cylinder I is placed be- 
neath the smoke box and is connected to the forward pair 
of driving wheels. The course of the steam from the 
boiler is through the pipes A, Ato B^ B^ and thence back 
to the high-pressure cylinders. The exhaust from 
these cylinders is led through the pipes D, D, and 
thence around the smoke box through two pipes C 
to the low-pressure steam chest. The course of the 
exhaust from the low-pressure cylinder is clearly in- 
dicated in the figure. The disposition of the cylinders and 
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steam pipes ia essentiaJl;^ the same in the WebbcompoundB 
for passenger and freight service. The most noHceaUe 
ppculiarity of the ByBtem is the absence of driving connec- 
tion between the high and low pressure axles, there being 
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no coupling rods on engines having two pairs of driving 
wheels. In one design for freight service there are Oiree 
driving axles, the first lieing driven by the low-preetnire 
cylinder, and the second and third, which are coupled, be- 
ing driven by the high-pressure cylinders. It will be e«ea 
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that even in this case there is no connection by coupling 
rods between the high and low pressure cylinders. The 
principal dimensions of a recent Webb compound locomo- 
tive are as follows: 

Diameter of high-pressure cylinders (2) 14 inches. 

" low-pressure cylinder 30 " 

stroke of all pistons 24 " 

Diameter of driving wheels (4) 75 " 

Boiler pressure, gauge 175 pounds. 

Diameter of boiler, smallest inside 49 inches. 

Tubes, 235, 1% in., length .. lift. 3 in. 

Grate area 20.55 sq.ft. 

Heating surface 1456.7 " 

Weight in working order, total 99,350 pounds. 

^ •* on driving wheels 68,700 " 

Valve gear . Joy 

^Exhaust nozzle 494 in. in diam. 



Distribution op Work in Three-Cylinder Compound 
Locomotives. — It was shown in the theoretical discussion 
of the distribution of work between the cylinders of two- 
cylinder receiver compound locomotives, that with the 
same points of cut-off in both cylinders and with the ratios 
of cylinder volumes which are practicable in locomotives, 
considerably more than one-half of the total work will be 
done by the low-pressure cylinder. It was also demon- 
strated that the work can be to a great extent equalized 
by making the cut-off in the high-pressure- earlier than that 
in the low-pressure cylinder. 

The same process of reasoning can be applied to the three- 
cylinder type of compound engines, inasmuch as we may 
regard this form as a development of the two-cylinder 
type, produced by substituting either two smaller high- 
pressure cylinders for the original high-pressure cylinder, 
or else two smaller low-pressure cylinders for the original 
single low-pressure cylinder. It is, therefore, to be ex- 
pected that, with the same points of cut-off in all three 
cylinders, considerably more than one-half of the total 
work will be done in the single low-pressure cylinder of the 
Webb type of compound locomotive, and in the two low- 
pressure cylinders of the other form of three-cylinder com- 
pound locomotive which, for the sake of brevity, may be 
called the French type. We may even go a step further 
and say that, with the ratios of cylinder volumes which 
are practicable, the total work cannot be so divided that 
much less than one-half of it will be done in the low-press- 
ure cylinders. This statement is borne out by the pub- 
lished indicator cards of the Webb locomotive and leads to 
some interesting conclusions. 
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These indicator cards show that the proportion of the 
total work which is done in the low-preseure cyUnder is 
from 50 to 65 per cent, at various epeeds, with ihe low- 
pressure valve in full gear. As making the low-pressure 
cutKiff earlier would increase the proportion of work done 
in that cylinder, it follows directly that the low-pressure 
cyUnder's share of the total work is at least 50 per cent. 
As the Webb locomotive has no coupling rods between the 
high and low-pressure axles, and as the weight on each 
pair of ■drivers is very nearly the same, it is evident that 
this division of work is the best under the circumstances. 
This point and others can be well illustrated by a diagram 




Fig. 37 

of crank efforts. Such a diagram is shown by Elg. 87, 
which was constructed from indicator cards of a Webb 
locomotive which were published in Engineering, May 24, 
1889. Steam was cut off at about teu inches in the high- 
pressure cylinders, and the low-pressure admission was at 
" full pear." The speed is not recorded, but from the form 
of the high-pressure admission line is evidently not great. 
The mean pressure is approximately 81 pounds in the high- 
pressure cylinders, and about 34 pounds in the low-pressure 
cylinder, which is equivalent to 34 x 3.3 = T8.3 pounds in 
the two high-pressure cylinders, the work done in the low- 
pressure cylinder thus being neaily one-half of the total. 
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Referring to Fig S7,ahcde and/ ghkl show the vari- 
ations in the turning moments, or the tangential efforts on 
the cranks, of the two high-pressure pistons, the cranks 
being at right angles, and the irregularity caused by the 
connecting rods being neglected. The combined efforts on 
these two cranks is shown by the curve f p q L The 
variations in the turning moments on the low-pressure 
crank are shown by a curve such as B C D, and if we 
assume that the low-pressure crank makes angles of 135 
degrees with the high-pressure cranks, this curve and that 
for the other stroke D E F AB will be located as shown in 
the figure. Combining the high and low pressure diagrams 
gives the full line curve in the figure which represents the 
variations in the pulling power of the locomotive during 
one revolution, as shown by the indicator cards, and there- 
fore without taking the inertia of moving parts into con- 
sideration. A comparison of this full line curve vrith the 
curve of the combined high-pressure cylinders /p q I shows 
that the angles between the low-pressure and the two high- 
pressure cranks are not of great importance. If the low- 
pressure crank were moved back about 25 degrees, so that 
the maximum moment for the low-pressure crank at C 
would coincide with the minimum for the combined high- 
pressure cranks at p, the combined diagram for all three 
cranks would be somewhat more uniform, but the differ- 
ence would not be great. A diagram of crank efforts on 
the assumption of uniform steam pressures throughout the 
stroke in each cylinder shows similar peculiarities. 

It would seem to be evident from this partial investiga- 
tion that there would be very little advantage in connect- 
ing the high and low-pressure axles of this type of locomo- 
tive by coupling rods, excepting possibly for starting, and 
that, if the suppression of coupling rods is an object of im- 
portance, Mr. Webb's design meets the requirement as 
well as possible with three cylinders. It has been sug- 
gested that this type of locomotive might be improved by 
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placing the cranks at angles of 120 degrees and coupling 
the driving wheels. The effect of this, with the steam 
distribution and division of work used in the construction 
of Fig. 87, is shown by Fig. 88, in which the full line curve 
shows the variations in the combined rotative efforts on 
the three cranks. It wUl be seen that the minimum turn- 
ing moment is greater than that in Fig. 87 and the maxi. 
mum is less, so tiiat there is a more uniform effort through- 
out the revolution. The performance of the locomotive at 
slow speeds would therefore be improved by this arrange- 
ment, but as the speed is increased the inertia of the mov- 
ing' parts tends to diminish this apparent advantage, so that 
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it is doubtful if there would then be any practical gain by 
the introduction of couplinK-rods. 

Turning now to the French type of three-cylinder com- 
pound locomotives, it wilt t>e found that an application of 
the same method of reasoning leads to very different re- 
sults. As has been pointed out. the steam ditttribution is 
different in the two low-pressure cylinders, but it i»never- 
theless to be expected that more than one-half of the total 
work will be done in the low-pressure cylinders with the 
same points of cut-off in all three cylinders. Also by ad- 
justing the points of cut-off, the proportion of the total 
work done in the high-pressure cylinder can be decreased. 
It is therefore possible with this type of engine to divide 
the total work equally among tbe three cylinders. 
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In thii> locomotive the two low-pressure cranks are placed 
at right angles, aod the high-pressure crank is placed at 
1B5 degrees with the otbers. A diagram of crank eSoits 
with tliis crank arrangement and on the basis of an equal 
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division of work, and ateam admission during about eeren- 
eighths of the stroke, is shown bj Fig. 3d. In this figure, 
abcd'K the high-pressure diagram, and efgh ft and mn 
J) g are the low-pressure diagrams. The combined dia- 
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gram for all three cranks is shown by the full-line curve. 
If the cranks were placed at angles of ISO degrees, the 
combined diagram would have the form shown by the full- 
line curve in Fig. 40, from which it is clear that this dis- 
position of cranks would give a very constant turning 
moment. 
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It follows from these diagrams of crank efforts, in con- 
nection with the previous statements regarding the 
division of the total work, that coupling rods are as much 
a necessity for the French arrangement of cylinders as 
they are a useless complication in the Webb system. The 
work cannot be so divided that as much as one-half of the 
total will be done in the single high-pressure cylinder of 
the former, while nearly one-half is necessarily done in 
the single low-pressure cylinder of the latter. 

Starting Power op Three-Cylinder Compound 
Locomotives. — It has been already stated that the starting 
conditions for the French type of three-cylinder compound 
locomotive are the same as for an ordinary locomotive, 
inasmuch as the low-pressure cranks are at right angles, 
and the form of valve gear adopted for the high-pressure 
cylinder makes it possible to let steam blow through that 
cylinder without doing work. It is, therefore, possible to 
admit steam at nearly boiler pressure to the low-pressure 
cylinders, and the starting power of the locomotive would 
then be about the same as that of an ordinary locomotive 
having cylinders of the same size as the low-pressure 
cylinders, 19.69 X 27.56 inches, and 199 pounds boiler 
pressure. But as it is not probable that a valve gear of 
that form would be adopted in American practice, it may 
not be out of place to consider the effect of some other 
possible arrange:.ient. 

There would not apparently be any practical difficulty 
in the application of starting gear of the Lindner or the 
von Borries-Worsdell type to three-cylinder locomotives of 
this form. With the Lindner starting gear, steam at re- 
duced pressure is admitted to the receiver, and therefore 
acts as forward pressure on the low-pressure pistons and 
as back pressure on the high-pressure piston. With an ar- 
rangement of cranks such as that of the French locomo- 
tive, this amounts to having an ordinary locomotive with 
19.69 X 27.56 inch cylinders and with a pressure in the 
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cylinders equal to about one-half the boiler pressure, aided 
by a single cylinder, 17 inches in diameter, with about the 
same effective pressure. The position of the cranks, for 
which the combined turning moment will apparently have 
its minimum value, is that at which one low-pressure pis- 
ton has passed just beyond the point of latest cut-off. The 
high-pressure crank has then moved through but a small 
angle from a dead point and the other low-pressure crank 
is not far from the half -stroke position. An approximate 
calculation, which is sufficient for our present purpose, 
shows that the combined effort on the crank pins is then 
equal to that of an ordinary locomotive having 19 X 24 
cylinders, at its most disadvantageous position for starting, 
with 174 pounds effective pressure in the cylinders. As 
the weights and diameter of driving wheels of the French 
locomotive do not differ much from those of well-designed 
six-coupled American locomotives having 19 X 24 cylin- 
ders, it is evident that the compound locomotive with the 
simple Lindner starting gear would be fully equal in start- 
ing power to thv3 ordinary locomotive. It would, there- 
fore, seem to be unnecessary to introduce intercepting 
valves, or other, and more complicated, starting arrange- 
ments. That the power of the compound locomotive at 
other crank positions is superior to that of the other will 
be made clear by an inspection of diagrams of crank posi- 
tions, such as Fig. 29. 

It has been shown that if the cranks of a French type of 
compound locomotive were placed at angles of 120 degrees 
the combined turning moment would be considerably im- 
proved, and it appears from an examination of a diagram, 
such as Fig. 29, that, with a starting gear of the Lindner 
or von Borries form, the starting power will be increased. 
As before, the most disadvantageous position for starting 
will be that at which one of the pistons has passed just be- 
yond the latest cut-off position. The cranks of the other two 
pistons will then be at approximately 25 degrees and85 de- 
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grees with the center hue, and the combined crank effort 
will be equal to about 1.4 times the maximum of one cylinder 
as against about 1.13 times that of one cylinder for the 
most disadvantageous position with the arrangement of 
cranks actually used on this locomotive. The latter is, of 
course, the best disposition of cranks with the system of 
steam distribution which was adopted. It may be useful 
to note that on the assumption of a imif orm steam press- 
ure throughout the stroke on all thiee pistons inversely 
proportional to their areas, the combined effort on the 
crank pins vanes from 1.4 to 1.73 times the maximum 
for a single cylinder for the 90 and 135 degree arrange- 
ment, and from 1.73 to 2 times the maximum for one 
cylinder for the 120 degree arrangement. 

In the Webb compound locomotive, as now built, no 
provision is made for admitting steam from the boiler 
directly to the low-pressure cylinder. The work of start- 
ing therefore devolves at first upon the high-pressure cyl- 
inders, which is equivalent to saying that the locomotive 
is primarily equivalent to a simple locomotive having 14 X 
24 inch cylinders and 175 pounds boiler pressure. It has 
been shown that the turning power on the cranks of the 
ordinary locomotive in starting may vary from about .75 to 
1.4 times the maximum for one cylinder, the lower limit 
corresponding to the position at which steam cannot be 
admitted to one cylinder. The tractive power of the Webb 
locomotive, of which the principal dimensions have been 
given, would then vary at starting from about .19 to .84 of 
the weight on the high-pressure driving wheels. It is per- 
fectly possible that the lower value may be encountered in 
practice, but it is not probable, the case being about the same 
as that of an ordinary locomotive. The probability is that 
the high-pressure cranks will be in such positions that the 
tractive power at starting, with full boiler pressure on the 
high-pressure pistons, will be from .25 to .34 of the weight 
on the high-pressure driving wheels. If this is sufficient to 
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slip the driving wheels, steam will then be admitted to the 
receiver and so to the low-pressure cylinder until the press- 
lU'e in the receiver rises to such a point that the effective 
pressure on the high-pressure pistons is not enough to slip 
the wheels. The locomotive will then be in condition to 
start as a compound, all three cylinders being available. 
Another factor has now to be taken into consideration, 
which is the position of the low-pressure crank. Owing to 
the absence of coupling rods, this may be anywhere be- 
tween a dead point, in which position it is of course useless, 
and a half center where it can exert a pressure equal or 
superior to the combined hip:h-pressure pistons. It is evi- 
dent that there is a wide range of possibilities in the start- 
ing power of the Webb locomotive, using the term starting 
power as we have heretofore in discussing two-cylinder 
locomotives. The exact starting conditions will be partly 
accidental, and partly dependent upon the skill of the en- 
gineer in stopping the locomotive in a good position for 
starting. 

The starting power of locomotives having the Webb ar- 
rangement of cylinders, but with the cranks at angles of 
120 degrees and coupled drivuig wheels, will be similar to 
that of the French type having a like disposition of cranks. 
Some form of starting valve would then be necessary or 
else the locomotive would be reduced, for all positions at 
starting, to a simple locomotive having two small cylinders 
and cranks 120 degrees apart. Without entering into a de- 
tailed investigation, which the practical value of this form 
of construction does not seem to warrant, it appears that 
two cylinders would always be available in starting, and 
that if one of these was the low-pressure cylinder, the loco- 
motive would have ample power, while if the low- 
pressure was unavailable, there would be an evident de- 
ficiency. 

Three-Cylinder Locomotives in Practice.— The pub- 
lished records of the comparative performance of ordinary 



COMPOUND LOCOMOTIVES. Ill 

and three-cylinder compound locomotives are not as com- 
plete as those for locomotives of the two-cylinder type. It 
is to be remembered, however, that any saving which has 
been effected by their use is not due to their having three 
cylinders, but is the result of the application of the com- 
pound principle, which necessitates a more economical use 
of steam in ordinary running. The following is a sum- 
marized statement of the work of compound locomotives 
on the London & Northwestern Railway, as given out by 
Mr. Webb in June, 1889. , Seventy-five compounds had run 
11,644,222 miles dince the introduction of the system in 
1882, with an average fuel consumption of 32.9 poimds per 
mile. One Express locomotive had run 154,342 miles in 
about 41i months on an average coal consiunption of 36.5 
pounds per mile, including that burned while standing in 
steam or issued for all purposes. The average of forty of 
the same class was 36.8 pounds per mile. On the Metro- 
politan District Railway a converted locomotive had run 
178,337 miles on an average coal consumption of 23.2 
pounds, against 32.4 pounds average for six months for an 
ordinary locomotive doing the same work. 

A report of the results obtained with three Webb com- 
pound and three ordinary locomotives in India, doing the 
same class of work, for the month of Janury, 1886, shows 
an average coal consumption of 37.57 pounds per mile for 
the compoimds, against 47.14 pounds per mile for the 
ordinary locomotives. The average mileage for the month 
was 2,448 and 1,700 miles respectively. 

No reports of fuel tests of the French three-cylinder 
locomotive have as yet been made public. It is reported 
as having hauled very heavy trains {Engineering, Dec. 6, 
1889) up grades of 1 in 200»at speeds of from 12i to 80 miles 
per hour, but the records do not appear to be valuable for 
comparison with American practice. It was found that 
the exhaust nozzle (4.21 inches in diameter) was too small 
for satisfactory work at the higher speed. 
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COMPARATIVB SUMMARY. — The reasons which would 
lead to the selection of the three-cylinder tyi)e of com- 
pound locomotive in preference to the twoKjylinder form 
have been already mentioned. The better distribution of 
weights is obvious; it has been demonstrated that the 
combined turning moment is better, and the greater pos- 
sibilities in the direction of utilizing high boiler pressures 
economically are apparent, as we find a cylinder ratio of 
2.3 in the Webb locomotive and 2.68 in the French, which, 
would be impracticable ratios for heavy two-cylinder loco- 
motives. To this may be added that with the French 
arrangement of cylinders it is possible to construct a very 
powerful and an economical locomotive, for which the 
low-pressure cylinders will be no larger than those now in 
conunon use. 

To offset these advantages we will have a cranked axle» 
a considerable increase in the number of parts and a con- 
sequent increase in first cost and expense of maintenance* 
It is not the intention of the writer to discuss the merits 
and demerits of cranked axles nor to advocate their use. 
But in view of the fact that there are hundreds of them in 
use on locomotives in Great Britain and in Europe, the 
necessity of using them should not stand in the way of a 
trial of three cylinder locomotives if other considerations 
make such a trial advisable. 

In this connection it should be noted that the Webb com- 
pound locomotive, probably from the fact that it has been 
the most widely illustrated of any type of compomid, has 
apparently come to be regarded by many as the standard 
by which all compound locomotives are to be measured. 
It Jias been unreasonably attacked and unjustifiably 
vaimted. The weak features in its design, from an Ameri* 
can point of view, have been charged to the compound 
system in general, and its successes credited to the per- 
sonal superintendence or "nursing" of the inventor. That 
the latter is a factor which is at least worth considering in 
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estimating the value of the reported results, should be evi- 
dent to all who are famihar with the management of steam 
machinery. It will net probably be questioned that a sup- 
erintendent of motive power can, by paying special per- 
sonal attention to some one item of expenditure, secure a 
notable saving therein, although it is not unlikely 
that this concentration of supervision may make 
more important losses i)0S8ible. And it has- 
been shown that a change in engineers may result in a 
greater saving of fuel than can ordinarily be expected to> 
follow the introduction of compound locomotives. But 
there is reason to believe that with the same handling and 
on the same work a properly proportioned compound 
locomotive, regardless of the ** system " to which it be- 
longs, will be much more economical in the consimiption 
of fuel than the ordinary locomotive. Whether it ha& 
two, three or four cylinders is a secondary matter. Its^ 
value as a fuel-saver compared with other means of econo- 
mizing lies largely in the fact that its success depends 
less upon the care and attention of the engineer than doe» 
that of any device which can be added to the ordinary 
locomotive. Failures due to errors in design or to unsuit- 
ability for the service demanded do not form a sound basis 
for arguments against the practicability of applying the 
principles of comi)ound working to locomotives. 







POUR-CYLINDER COMPOUND LOCOMOTIVES. 

There are two general classes of four-cylinder compound 
locomotives, one of which embraces all designs in which a 
receiver of large capacity is used, and in which the angles 
betweenthe cranks are comparatively unimportant, while 
the other includes only those engines in which the high 
and low pressure pistons are on one piston rod, or are other- 
wise rigidly connected, and the '* dead space " between the 
cylinder is reduced to a minimum. The first class includes 
those locomotives which have two inside connected high- 
pressure cylinders and two outside connected low-pressure 
cylinders, and also Mr. Mallet's double bogie compoimd 
locomotive. The second class comprises tandem engines 
and those of the Vauclain type, in which the high and low 
pressure cylinders are placed side by side and both pistons 
are connected to one crosshead. 

The elementary theory of four-cylinder compound loco- 
motives of the first class is essentially the same as that of 
two-cylinder receiver engines, and the four-cylinder type 
may be regarded, as far as the cylinders are concerned, as 
formed from the two-cylinder type by substituting for 
each cylinder of the latter two cyhnders having a joint 
volume equal to the correspondmg single cylinder. It was 
shown in discussing two-cylinder receiver engines that, in 
making approximate calculations to determine proportions, 
the receiver pressure may be regarded as constant without 
serious error, assuming that the capacity of the receiver is 
large compared with that of a high-pressure cylinder. It 
follows from this that the distribution of work in the cyl- 
inders is practically independent of the angle between the 
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high and low pressure cranks when a large receiver is used. 
If in a four-cylinder engine both high-pressure cylinders 
-exhaust into one receiver, which is the reservoir from 
which both low-pressure cylinders are supplied with 
isteam, the variations in pressure in this receiver during a 
revolution will presumably be less than in a two-cylinder 
engine. We can, therefore, in the design of four-cylinder 
engines, make use of formulas which are based upon a 
constant receiver pressure, proceeding at first as if the en- 
,gine were to have but two cylinders. The formulas are 
those which are usually given for two-cylinder receiver 
•engines, and are not of special value in the design of two- 
cylinder compound locomotives on account of the necessity 
•of a very careful analysis of the steam distribution in that 
type of locomotive if the possible advantages of compound 
working are to be realized. 

In subsequent formulas the letters have the following 
meaning: 

V = volume of high-pressure cylinder. 

V = ** ** low-pressure cylinder. 
R = ratio of the cylinders, V = Rv. 

r = ratio of expansion in h. p. cylinder. 
r" = " " " " 1. p. " 

jpi — pressure in h. p. cylinder during admission. 
j>a = pressure in h. p. cylinder when exhaust opens. 
j>8 = mean pressure in the receiver. 
" = pressure in 1. p. cylinder during admission. 
2>4 = mean 1. p. back pressure. 
All pressures are absolute pressures. 
Neglecting the effects of clearance, the mean forward 
pressure in the high-pressure cylinder is 

_ 1 + hyp. log. r _ 
Pm Pi 

The mean effective pressure is (pm — p^) and the work 
done in the high-pressure cylinder during a stroke is 
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V (pm — Ps)* Similarly, the mean forward pressure in the 
low-pressure cylinder is, 

„/ _ l'\'hyp.log.r\ 
p m p j>, 

the mean effective pressure is (p'm — p^ and the work dono 
in the low-pressure cylinder during a stroke is V{p'xa — p*). 

If the work is to be equally divided between the two 
cylinders, v (p m— Ps)= V (p'm --p^). 

On the basis that volumes vary inversely as the pressures^, 
we have. 

By substituting the value for p^ obtained from thi» 
equation in the preceding one, and reducing, the following, 
is obtained: 

^(hyp.log:p ^4- p, =0.(4) 

By means of this equation the ratios of expansion in 
each cylinder (r and r') for which the work done in each 
wiU be equal can be determined for any assumed values of 
PlPJ^ and R, If it were required that there should be no 
drop in pressure at the end of the expansion in the high- 
pressure cylinder, pg must equa'i p^y from which it follows- 
that r' must equal R, It will be found that equation (4> 
will give impossible values for r' for many values of r. As 
r becomes less, or steam is admitted to the high-pressure 
cylinder during a large part of the stroke, r' will be found 
to be less than one which is manifestly impossible, and 
shows that with a late cut-off in the high-pressure cylinder 
the work cannot be equally divided between the cylinders. 
On the other hand, as r is made large, r' also increases- 
until it is greater than i2, which is an impracticable result, 
as the receiver pressure wotdd then be higher than the 
pressure in the high-pressure cylinder at the end of 
the expansion. For example, if we take R = 2.8, 
Pi = 190 poimds absolute, ^4 = 20 pounds absolute, and 
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r = 1.83, or cut-off at 0.7S of the stroke in the 
high-pressure cylinder, the equation reduces to hyp. log. 
r' + .4348 r' = 0.8904 from which r' = 0.97. Ae steam 
is admitted during the whole stroke when r' := 1.0, it is 
clear that with the above proportions more than one-half 
of the total work is necessarily done in the low-pressure 
cylinder. If r is taken ae equal to 4, with the other data 
the same as before, the value of r' will be found to be 
8.75, or the low-pressure cut-off would have to be placed at 
1 -•- 8.75 or 0.367 of the stroke. But as there wiU be no 
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Fifl. 41 

drop in pressure between the cylinders when r* = J{, or 
when steam is cut off in the low-pressure cylinder at 1 -•- 
S.3 = 0.435 of the stroke, it follows that to equalize the 
work in the two cylinders at the earlier cut off the re- 
ceiver pressure would have to be higher than the pressure 
attheend of the expansion in the high-pressure cylinder. 
The engineers of the Paris, Lyons & Mediterranean Rail- 
way have applied a formula similat to the above in the 
determination of the proportions for a class of four-cylin- 
der compound locomotives, and have shown the proper re- 



118 COMPOUND LOCOMOTIVES. 

lations existing between the points ot cut-off in the high 
and low pressure cylinders graphically by a diagram sim- 
ilar to Fig. 41. This diagram is reduced from that given 
in a pamphlet by Mr. C. Baudry, assistant engineer-in-chief 
of motive power and equipment. Formulas similar to the 
above will be found discussed at greater length in "Com- 
pound Engines," by Mr. Mallet; but in some editions of 
his book there are many confusing typographical errors. 
In Fig. 41 the horizontal distances represent the points of 
cut-off in the high-pressure cylinder, and the vertical 
distances represent the points of cut-off in the 
low-pressure cylinder. The inclined lines are curves 
which represent the solution of equation (4) for dif- 
ferent values of i2, the pressures used in the construction, 
of the diagram probably being 213 and 21 pounds. For ex- 
ample, if i2 = 8.5 when the high-pressure cut-off is at 
0.4, the low-pressure cut-off should be at about 0.5 
in order to equahze the work. If the ratio R =^ 2, 
a cut-off at 0.4 in the high-pressure requires a cut- 
off at about 0.58 in the low-pressure cylinder. For 
the cases in which the equation gives values 
of r* which are too small, the cut-off for the low-pressure 
cylinder is fixed at 0.8 or the maximum for fuU gear. For 
instance, taking R = 2, the low-pressure cut-off would re- 
main at 0.8, or full gear for all values of the high-pressure 
cut-off greater than 0.58, although more than one-half of 
the work would then be done in the low-pressure cylinder. 
The other limit to the application of the formula is fixed by 
making the earliest low-pressure cut-off that at which 
there will be no drop in pressure between the cylinders. 
So that finally, the relation between the points of cut-off in. 
the two cyhnders is shown by broken Hues such as a & c d, 
for which R = 1.82. For example, if i2 = 2, the diagram 
shows that the points of cut-off should vary as follows: 

High-pressure 10 .20 .30 .40 .50 .60 .70 .80 

liOw-pressure 50 .50 .50 .58 .70 .80 .80 .80 
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It does not of course foUow that it will be advisable in 
practice to make use of the early cut-offs given above for 
the high-pressure cylinder, and it will be remembered that 
Mr. von Borries has stated, as the result of his experience 
with two-cylinder compound locomotives, that the most 
advantageous points of cut-off in the high-pressure cylin- 
der are from 0.3 to 0.4 of the stroke. 

Before calling attention to some of the special problems 
which will present themselves in the design of four-cylinder 
compound locomotives, illustrations will be given of three 
experimental types which have recently been constructed 
by the Paris, Lyons & Mediterranean Railway, and which 
are described in the pamphlet by Mr. Baudry, to which 
reference has been made. Fig. 42 shows the general ar- 
rangement of the compoimd locomotives intended for fast 
passenger service. The principal dimensions of these 
locomotives, and of the type of simple locomotive which 
formed the basis for the design, are given in the ac- 
companying table under the heading Fig. 42. The table 
shows that two compound locomotives of this and of each 
of the succeeding types have been built, which differ only 
in the number and diameter of the tubes. It will be seen 
that in the type of locomotive iUustrated by Fig. 42 all 
four cylinders are placed beneath the smoke-box, with their 
axes horizontal. The two high-pressure cylinders are 
between the frames and are connected to the forward 
driving axle. The low-pressure cylinders are con- 
nected to the rear driving axle. The axles are 
so coupled that the high-pressure crank on 
each side leads the low-pressure crank on the 
same side 198^ The object of this arrangement is to ob- 
tain as large a value for the minimum starting power as 
possible. In Fig. 43 is shown the general arrangement of 
the four-cylinder compound locomotives for freight service. 
In this locomotive the second driving axle is connected to 
the low-pressure cylinders, and the third axle to the high- 



COMPOUND LOCOMOTIVES. 



121 




122 COMPOUND LOCOMOTIVES. 

pressure cylinr^ers. The high-pressure crank on each side 
leads the low-pressure crank 232° 48'. In the correspond- 
ing simple locomotive, of which the dimensions are given 
in the sixth column of the table, the rear axle is not a 
driving axle. Fig. 44 illustrates the arrangement adopted 
for locomotives for steep grades. The high-pressure cylin- 
ders are connected to the second axle, and the low-pressure 
cyb'nders to the third axle. The high-pressure cranks lead 
the adjacent low-pressure cranks, as in the other designs^ 
but in this case the angle is 235° 54'. 

The Walschaert valve gear is used for all of these loco- 
motives, and the points of cut-off in the high and low- 
pressure cylinders are adjusted by means of a complicated 
cam arrangement, d<isigned to fulfill the requirements in- 
dicated by Fig. 41. The starting gear adopted for these 
locomotives consists of simply an auxiliary steam pipe and 
cock for admitting steam from the boiler to the receiver, 
which is fitted with a safety valve as usual. In determin- 
ing the sizes of the cylinders the basis of calculation ap- 
pears to have been the weight of steam which the boiler 
may be expected to produce without being forced. This 
quantity had been found by previous tests to be about 
14,500 pounds per hour for the boiler of the express loco- 
motive, and the cylinders should be capable of dispos- 
ing of this weight of steam. Mr. Baudry 
states that the steam may, with due regard 
to the tractive power necessary, be expanded to 
a pressure of about 44 pounds absolute at a speed of 31 
miles per hour, and to about 19 pounds absolute at a speed 
of 68 miles per hour. The high-pressure cylinders should 
be capable of utilizing the above weight of steam at slew 
speeds when the full tractive power of the locomotive is 
required and also at high speeds. The dimensions selected 
for the cylinders are thought to meet these requirements, 
the cut-off in the high-pressui*e cylinders being of course 
made earlier as the speed is increased. The method by 
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which the angles between the adjacent high and low-press- 
ure cranks were determined is not explained. Consider- 
ing the question of balancing the locomotive, Hie best re- 
sults would apparently be obtained by placing each high- 
pressure crank ^t 180° from the adjacent low-pressure 
crank. To obtain the greatest value for the minimum 
turning moment in starting, the angle between the high 
and low pressure cranks should be 225°, assuming that the 
pressure of the steam admitted directly to the receiver 
is such that the total pressure on each piston is the same, 
and that the cranks on each axle are at right angles. The 
angles which were adopted a^^ear to be to a certain extent 
a compromise. For the express locomotive, Fig. 42, in 
which the question of the balancing of the reciprocating 
parts at high speeds would be of most importance, the 
angle selected, 198°, is approximately half way between 
180' and 225°. For the freight locomotive the starting 
power was apparently given greater weight in the prob- 
lem, the angles in each design being 225° pltia the angle 
of inclination of the high-pressure cylinders. 

It will be interesting in this connection to note the rea- 
sons as given by Mr. Baudry for the adoption of such high 
steam pressures and the four-cylinder type. 'The sole 
object of the study of new types has been to secure as great 
economy in fuel as possible. It has therefore seemed nec- 
essary to increase the boiler pressure considerably and to 
adopt the compoimd system. It is true that some saving 
in fuel can be realised by the use of the compound system * 
without increase of pressure; but the ultimate advantage 
seems to be in this case at least questionable. With the 
pressures of from 128 to 156 pounds per square inch used 
for locomotives, it is not necessary to resort to this system 
to obtain a large expansion. Its adoption could then only 
diminish to some extent the losses resulting from conden- 
sation in the cylinders; but as the difference between the 
extreme temperatures is not very great, and considering 



COMPOUND LOCOMOTIVES. 125 

the high piston speed, the economy which would 
result does not seem to be sufficient to compen- 
sate for the mechanical complication and the 
additional expense for repairs which it entails. With 
high pressures, on the contrary, a little more coal is re- 
quired to heat the steam, but the possible work of this 
steam when suitably expanded is increased in a much lar- 
ger proportion; but the expansion can no longer be accom- 
plished in a single cylinder with sUde-valve distribution, 
the only method which seems to be practicable for locomo- 
tives; moreover, the variations in temperature are much 
greater, and the effect of condensation in the cylinder may 
become considerable. For these two reasons the compound 
system becomes a direct consequence of high-pressures in 
locomotives. It was thus that Mr. Henry was led, without 
any other reason, to adopt for the new P. L. M. engines the 
pressure of 213 pounds and the compound system. . . . 
The employment of four cylinders is not a necessary conse- 
quence of the adoption of the compound system. Indeed* 
the greater part of existing compound locomotives in 
France and in other countries belong to the Mallet system^ 
and have consequently only two cylinders. But the 
adoption of this system for locomotives as powerful as 
those under consideration would have led to very large 
dimensions, both for the cylinders and for their connec- 
tions. With four cylinders, acting two by two on differ* 
ent axles, these dimensions are more moderate; there is 
the further advantage of perfect symmetry, and what is 
still more important, a notable diminution in the strains on 
the driving axles and on the rails, l^e axles are les& 
strained because each transmits but one-half of the work 
of the locomotive; and the strains on the rails are less 
since the rapid shocks due to the obliquity of the connect- 
ing rods are proportional to the efforts transmitted by the 
latter, and since these are one-half less when the same 
work is transmitted by four connecting rods instead of 
by two." 
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We are indebted to the engineers of the Paris, Lyons & 
Mediterranean Railway for their very thorough investiga- 
tion of four-cylinder receiver compound locomotives, and 
the report on the performance of these locomotives will be 
awaited with interest. But the writer is not prepared to 
admit that all of the points in Mr. Baudry^s argument are 
weU taken, or that the advisability of using the four- 
cylinder receiver type of engine has been demonstrated. 
A reference to the accompanying table shows that the 
weights of the compound locomotives are in all cases con- 
siderably greater than those of the corresponding simple 
engines, and they should therefore be more powerful, as 
they are in fact reported to be. But it does not appear 
that it was necessary to resort to this type of compound 
locomotive in order to secure the advantages of com- 
I)oimd working. The adhesion weight and the diameter 
of the driving wheels of the compound express locomotive 
{Fig. 42) are nearly the same as in the Webb engine 
and in the Worsdell engine, which have been illustrated in 
these pages. The total weight of the four-cylinder locomo- 
tive is from nine to ten tons greater than that of the two 
and three cylinder locomotives, and there is, therefore, that 
much more dead weight. In the designs for the freight 
locomotives there is more reason for the use of four cylin- 
ders, although the three-cylinder compound locomotive 
of the Northern Railway of France, which we have illus- 
trated, is comparable with the simple locomotive of which 
the dimensions are given in the sixth coliunn of the table. 
It certainly cannot be justly claimed that the necessary 
comphcation of two-cylinder compound locomotives of the 
von Borries, Worsdell, or Lindner types, is sufficient to 
have much weight as an argument against their use. Nor 
does it follow that pressures as high as 213 pounds per 
square inch are a necessity in order to secure good results 
from the use of the compound system. We have no ex- 
perimental data by which the advisable Tnaximiim and 
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minimum steam pressures can be determined, but we have 
reports of good economical results from two-cylinder com- 
pounds working with a steam pressure of but 120 pounds. 
The economical advantages of compound working aoe in 
general more marked as the pressure is increased, but there 
is obviously a limit beyond which there will be no gain in 
economy by increasing the pressure. The reasons for 
this are similar to those which make the adoption 
of the compound system advisable in any case; briefly, that 
to secure the advantages of high-pressure steam it must be 
sufficiently expanded. Therefore, as pressures are in- 
creased, a point will be reached beyond which no greater 
proportion of the energy in the fuel can be utilized with 
two cylinders of practicable dimensions than can be utilized 
in a single cylinder with lower pressures. To secure full 
advantage of the high pressures, triple or quadruple expan- 
sion engines must be used as in modern marine practice. It 
is not, of course, to be inferred that it is advisable to con- 
struct triple or quadruple expansion locomotives, although 
such construction would seem to be more sensible than 
that of some of the ingenious monstrosities which appear 
perennially, and which frequently receive the favorable 
indorsement of men who should know better. We are not 
prepared to assert that such pressures as 213 pounds per 
square inch are too high for good work in compound loco- 
motives, but wish simply to call attention to the fact that 
there are both maximum and minimum limits to the press- 
ures which are properly applicable to compound engines. 

The principal advantages of the four cylinder receiver 
type of compound locomotives appear to be the possibility 
of obtaining a very uniform turning moment, together 
with a better running balance than is possible with any 
other form of locomotive. Whether or not these advan- 
tages are sufficient to compensate for the greatly increased 
number of parts must remain a matter of opinion. 

Mr. Mallet's ** articulated" four-cylinder compound lo- 
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•■.> i»r*<:*:^ :»' .-^.-dMODd igg^T C f engines. The tandem ar- 
"«:z.^T.»r :.: 2<^ .-oe form of what are frequently called 
'•*•" X c r z-:*-ts^ .y coctcmcQ^ expansioD engines, the dis- 
::aic:-^ r-irjir- .*f ?be cife» heinc that the pistons move 
^ •- i. Tjuj— o^T, jkr>i that there is ik) receiver. In the sim- 
•.•n:>c • r-:.> ;c :?^» TTS^. ** appKcahle to locomotives, the 
*.;«.?- i->: !.>; v^rmKixv pistons are attached to the same 
.■i>c c 7- •%! LZ-r. :2»«* jodbe valines <rf both cylinders are oper- 
15: ■; :*^ si-jw kink u>>tioQ. The peculiarities of the 

<"-rv: i^-r- :. ■:;:>;& is Ui» amngement of cylinders can be 
rv«< rvi v_7r*l >T =>>a3$ of theiuetical indicator cards, 
>;^i.-.i i> r\: t-r Rcfemng to this figure, a. 6, d, e,f, g, 
1. tf. • .> :.ir? .i:,c*i-?cvs*5aTe oari. and g. fc. i. m, n^q, gi3 
'.ii^ .•.••*-vi>>!*;irv vTJkrd. In the high-preasuie cylinder cut- 
.^ rL£r> v«.i.-<e ii: ^. and there is expansion in that cylinder 
:l2:i1 :::•- -3l.--ji\:j« c^vqs at d- There is then a drop in 
vcvrsN-irv :." -• x* the steam in the high-pressure cylinder 
-.;_jj^;,jsi w::ji :^: in the passsages which connect the cylin- 
*«^i>s *V\'ii -f ro/ there is further expansion in the high- 
vrwii^irv .'vLi-jivWr and the connecting passages. At f the 
•.'w-yrvsjujrv >:eam valve opens and there is another drop 
:y pre^'-ire to ^. Fiom g to fc the cylinders are in com- 
r!i\L:>:car!oa. and there is expansion until the low-pressure 
stearu v^ilw v*lo«5es at K, Prom A tc ib there is compression 
ui CQ«f v-vzineccing passages and the high-pressure cylinder, 
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and when the high-pressure exhaust closes at k there is 
further compression in that cylinder. In the low-pressure 
cyUnder the &team expands from h to I where release 
occurs and the pressure drops to the ordinary back press- 
ure line. 

The features of this diagram which require special at- 
tention are the losses in pressure at d and / and the com- 
pression in the high-pressure Cylinder. In order to prevent 
the drop at d, either the pressure in the connecting pas- 
sages when the high-pressure exhaust opens must be the 
same as that at d, or else the volume of the connecting 
passages must be practically nothing. The former result 
can possibly be obtained by adjustments of the low-pres- 
sure cut-off, but it is not practicable on account of the 
unavoidable complications. The only feasible method of 
reducing this loss to an inappreciable amount appears to 
be to make the volume of the connecting passages very 
small compared with tliat of the high-pressure cylinder. 
The drop in pressure at / can be prevented or reduced by 
compressing to the pressure/ in the low-pressure cylinder, 
or by making the low-pressure clearance very small. 

The question of compression in the high-pressure cylinder 
in this type of engine is even more troublesome than in 
receiver engines. In order to avoid compressing to a 
higher pressure than the initial pressure with the usual 
forms of valve gear, it is necessary that the volume of the 
high-pressure clearance space should be made large, since 
the pressure at k, where the compression caused by the 
exhaust closure begins, is unavoidably high. This pressure 
can of course be somewhat reduced by making the volume 
of the passages connecting the cylinders large, but, as has 
been shown, this involves a considerable drop In pressure 
at d. The expedient of giving the high-pressure valve in- 
side clearance may also be employed in connection with a 
large clearance space to assist in keeping down the com- 
pression. In any case in which the shifting link motion is 



COMPOUND LOCOMOTIVES. 133 

used early cut-offs axe to be avoided, both on account of 
this compression and o avoid the wiredrawing which re- 
sults from a small port opening. 

It is, however, not necessary to resort to very early cut- 
offs in order to obtain a sufficiently great expansion, as 
this may be secured by using a comparatively large cylinder 
ratio. If, for example, we assume a cylinder ratio 3 and a 
boiler pressure of 160 pounds, a final pressure of about 2.5 
poimds above the atmospheric pressure can be secured with 
a cut-off in the high-pressure cylinder at three-tenths of the 
stroke at slow speeds, and at high speed a later cut-off 
would be necessary to maintain the same terminal 
pressure. 

In determining the proportions for the valve gear and the 
size of the cylinders advisable for a tandem compound 
which is intended to take the place of an ordinary locomo- 
tive, the most satisfactory mode of procedure will be to 
construct theoretical indicator cards, using the term as we 
have heretofore, for various points of cut-off, measure the 
area of these cards or calculate them by the formulas al- 
ready given in discussing the theory of two-cylinder re- 
ceiver engines, and finally to adjust or *' doctor" the cards 
for losses, as experience with ordinary locomotives has 
shown to be necessary. An example of indicator cards 
constructed in this way is given in Fig. 45, on a much 
smaller scale, however, than is advisable in practice. The 
assumed data in this case are as follows: Initial pressm'e, 
175 pounds absolute; cylinder ratio, 3; low-pressure back- 
pressure, 17 pounds absolute; cut-off in both cylinders, 0.5; 
release and compression in both cylinders, 0.78; volume of 
high-pressure clearance, 15 per cent. ; volume of low-pres- 
sure clearance, 6 per cent. ; volume of connecting passages, 
0.3 of high-pressure cylinder. The scale of pressures used 
in the diagram is 80 pounds to the inch. For the benefit of 
those who may wish to construct such diagrams we will 
follow through this case in some detail. 
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The following symbols will be used: 

V = volume swept by high-pressure piston. 

V= ** '* ** low-pressure ** 

c = ** of high-pressure clearance. 

C= ** of low-pressure ** 

i = '* of intermediate or connecting passages. 

The volumes occupied by the steam at the several lettered 
points on the diagram are, then. 

At 6, = .5 V + c = .65 V. 

At d, = .78 V + c = .93 v. 

Ate, = Mv +i= 1.23 V. 

At/, = v + c + i = 1.45 V. 

At g, = 1.45 V + C = 1.63 v. 

At 7i, before cut-off, = .5 r + c -f i + C + .5 F = 2.63 v. 

At 71, in 1. p. after cut-off, = .5 F-f- C = .56 F". 

At /i, in h. p. and passages after cut-off in 1. p. , = .5 t? -h 
c -i- i = .95 Vo 

At kj before valve closure, = .22 v+ c -h t = .67 v. 

At k, in h. p. after valve closure, = .22 v -j- c = .37 v. 

At Z, = .78 F + C = .84 F. 

At?i, = .22 V+ C= .28 F. 

The pressure at d and the curve between b and d may be 
found by constructing the curve through b with B as the 
origin, A B being .15 of ^ D; or by calculation as the pres- 
sures may be taken inversely as the volumes, whence 
pressure at d = 175 X .65 -*- .93 = 122.3 pounds. The 
drop in pressure from d to e depends upon the pressure at 
k, that in turn depends upon Ti, and so upon gf. The 
pressure at g depends upon that at q and at/, and so upon 
€, In any case, there is but one pressure at h which will 
fulfil the conditions, and that pressure must be determined 
by calculation. Assuming for the moment that we know 
the pressure at e to be 112.5 pounds, the pressure at/ will 
be 112.5 X 1.23 -^ 1.45 = 95.4 pounds. The pressure at g 
is determined by the mixture of the volume at f at 95.4 
pounds with the volume of the low-pressure clearance at 
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pressure q. To find the latter we have pressure ait 3 = 

17 X .28 -^ .06 = 79.3 pounds. Then pressure at gr = 

79.3 X .18 + 95.4 X 1.45 ^^ „ . 

TE T-j^ = 93.7 pounds. 

.18 + 1.45 ^ 

The pressure at 7i = 93.7 X 163 -^ 2.63 = 58.1 pounds. 

The pressure at A; = 58.1 X .95 -r- .67 = 82.3 pounds. We 

can now find the pressure at e which is 

1 22.3 X .93 + 82.3 X .3 __ 

;93t:3 - ^^^•^• 

By combining these various expressions for pressures 
we can readily form a single equation from which the 
pressure at h can be calculated, which is, in fact, the 
method by which it was determined in this case. 

Having found the pressures at e, g and h by calculation, 
the various curves of the diagrams can be readily con- 
structed. For the curve between e and / a point C is used 
for the origin, which is found by laying off 5 (7 equal to 
.3 of AD. The curve 7a A; is constructed from the same 
origin. The compression curve kuis laid off from B. To 
find the origin for the curve g h, we proceed as follows: 
At g the steam occupies the volume v + c + t -f- C, and 
at h the volume occupied is .5y + c + i +C + (•5F = 
1.5v). The increase in volume is therefore equal to v, and 
therefore the scale of this part of the diagri^m must be 
such that the horizontal distance from g to h represents v, 
the volume of the high-pressure cylinder. "With this 
scale of volumes lay oE D K = MV — .18i% K L = .3t', 
L N = V and NE = .15y; then E is the origin from which 
to construct the curve g h. For the curves h I and n q 
the origin is taken at H, which is found by laying off 
D H = .06 of AD, wliich for these curves represents the 
volume of the low-pressure cylinder. 

This diagram illustrates the difficulty of keeping the high- 
pressure compression within reasonable limits. The ex- 
haust closure at 0.78 when cutting-off at .5 is approximate- 
ly that obtained with the valve gear, of which the distri- 
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Imtkm was shofwn in tihnlir f onn in the Third Chapter. 
The valve has 0.d5-inch inside dettranoe, and there is 15 
per cent, cylinder clearaDce. Bvt the presjure at I; is 82.3 
poonds. and the presEore at the end of the compieasion u 
will therefore be S2.3 X .37 -«- .15 = 203 pounds abaohite, 
or 28 pounds above the initial pieasaie. To OTeicome this 
difficulty it will probably be necessaiy in most cases to 
make use of a combinatioo of inside valve clearance, large 
cvlinder clearance and consideraUe lead. 

As a first approximation indetraininmg the siaeof cylin- 
ders the followmg method may be nsed. Assume, for 
example, that a tandem compound is to be substitoted for 
an 18 X 24 simple locomotive, the same boiler prossure of 
160 pounds to be retained. With a cut-off at seven-eighths 
of the stroke, and 160 pounds initial pressure, tiie mean 
forward pressure in the highr^ressure cylinder will be 
173.3 pounds absolute, and the final pressure in that cylin- 
der will be 153.1 pounds absolute. We may assume a drop 
in pressure of about 5 pounds between the cylinders on 
account of resistance of ports, etc., so that the initial 
pressure in the low-pressure cylinder may be tak«i at 148 
pounds. With a cylinder ratio of three, the steam which 
now fills the high-pressure cylinder and the low-pressure 
clearaDce will be expanded to about three times its pres- 
ent volume, and the mean forward pressure in the low- 
pressure cylinder will be 81.3 pounds absolute. These mean 
pressuies are calculated by the formulas already given in 
discussing the theoretical distribution in two-cylinder re- 
ceiver engines. The low-pressm^ back pressure may be 
taken at 17 pounds absolute, which gives 64.3 pounds for 
the mean effective pressure in the low-pressure cylinder. 
For our present purposes we will take the mean high- 
pressure back pressure as five pounds above the mean low- 
pressure forward pressure, which will frive a mean effective 
pressure in the high-pressure cylinder of 173.3 — 86.3 = 
87.0 pounds. If the maximum mean effective pressure 
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which can be developed m the cylinders of the simple 
locomotive be taken as 155 pounds, we will have, in order 
that the maximum work of both engines may be the same, 
assuming that the stroke is the same in both, 87. a + 64.3 
X 3 a = 155 X 254.5, in which a is the area of the 
high-pressure piston and 254.5 is the area of the 18-inch 
piston. From this equation we find a = 140.9 square 
inches, from which the area of the low-pressure piston is 
422.7 square inches. The corresponding diameters are 
approximately 13.4 and 23.2 inches. 

In the above approximate calculation, the effects of early 
exhaust opening, clearance, compression, and low-pressure 
cut-off have been neglected, and it will be apparent that a 
calculation in which these factors were duly considered 
would be very laborious. But knowing the approximate 
dimensions of the cylinders the design can be sufficiently 
completed to determine the volume of ports, passages, etc., 
and accurate indicator diagrams can then be constructed, 
by the method already given, by which the final dimensions 
for cylinders and valves can be determined. 

The starting power of a tandem compound locomotive, 
having cylinders of the dimensions given above, will be 
about the same as that of the simple 18 X 24 locomotive,, 
when steam at about 82 pounds absolute pressure is ad- 
mitted directly to the low-pressure cylinders. The steam 
so admitted acts as forward pressure on the low-pressure 
pistons, and as back pressure on the high-pressure pistons, 
so that the locomotive may be said to start as a compound 
engine. There would, therefore, be no advantage in 
keeping the starting valve open after the first exhaust from 
the high-pressure cylinder had taken place. But there is 
another view of the question of starting which should be 
noted. If full boiler pressure were admitted to the high- 
pressure cylinder by the main steam pipe, and the same 
pressure to the low-pressure cyUnder by means of the 
starting valve, the high-pressure piston would be 
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practically thrown out of action, and the starting power 
would depend simply upon the area of the low-pressure 
piston. Therefore, if this piston were but 18 inches in 
diameter, the possible maximum starting power would be 
equal to that of the simple engine. Such an engine as 
tills would be deficient in power as a compound, while 
with an engine having cylinders proportioned for the 
maximum pressure, as already given, it might be neces- 
sary to employ earlier cut-offs for ordinary work on a level 
than are advisable. 

It is probable that the best dimensions for cylinders will 
be found to be those which will permit the engine to do 
the greater part of its work at cut-offs of from .4 to .5 in 
the high-i)ressure cylinder. It is evident that the only 
starting gear necessary is an arrangement by which steam 
can be admitted directly to the low-pressure cylinder for a 
short time in starting. 

A successful application of the tandem form of com- 
pound engine to a locomotive bas been made by Mr. G. Du 
Bousquet, of the Northern Railway of France. A detailed 
description of this locomotive is giveir in the Revtte 
Gin4rale des Chemins de Fer for November, 1888, from 
which the illustration and indicator cards which follow 
have been taken. This locomotive is an eight-coupled out- 
side connected engine, all of the weight being on the 
driving wheels. It was originally a simple locomotive, 
having cylinders 19,68 inches in diameter by 25.50 inches 
stroke. The boilei pressure of 142.2 pounds, gauge, is the 
same as before converting it. The principal dimensions of 
this locomotive are as follows : 

Diameter of high-pressure cylinders 15 inohes 

'• " low-pressure ** 26 " 

Stroke of pistons 2&6 ** 

Diameter of driving wheels 51.2 " 

Total weight, all ou driving wheels 113,970 pounds 

Area of grate 22.4 sq. ft. 

Total heating surface 1,356— ^'-" 

The changes in the distribution and amount of the 
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weights on the axles on account of converting aie given 

as follows : 

Simple. Ck>mpound. 

Firstaxle 26,W0 29,670 

Secondaxle 24,470 31,390 

Thirdaxle 26,670 30,820 

Fourth axle 20,500 22,090 

. Total 98.540 113.970 

To balance the increased weight of the cylinders a foot 
board weighing 6,600 pounds was put in. Fig. 46 illus- 
trates the arrangement of the cylinders and valve chest, 
and is worthy of careful examination. It will be seen that 
the steam distribution for both cylinders ia controlled by 
one valve, the low-pressure valve being, as it wore, inside 
of the high-pressure valve. The arrows clearly indicate 
the paths of the steam. The principal dimensions relating 
to this valve gear are as follows : 

Travel of valve 6.22ins. 

Steam lap. both cylinders, front 1.34 " 

" *^ " • back 1.22** 

Exhaust lap, high-pressure 0.00 " 

" *' low-pressure 0.32 " 

Ports, high-pressure steam 17.72 Ins. X 1.38 *' 

" low-pressure " 17.72" X 1.97 ** 

•* ** exhaust 17.72" X 8.54 ♦* 

Angular advance of eccentrics 30 deg. 

Clearance, per cent, of cylinder volume h . p . . . 15.4 

" •* ** " •• ** Lp.... 7.0 

Volume of connecting passages, per cent, of h. p. volume.. 16.5 

The features of this design which are specially note- 
worthy are that the dead space between the cylinders is 
reduced to a minimum, the high-pressure clearance space 
is large, and that there are no bushings between the cylin- 
ders, but instead there are outside stuffing boxes which 
are easily accessible. 

The indicator cards shown by Figs. 47 to 51, inclusive, 
illustrate the steam distribution in this locomotive. The 
effect of piston speed upon the distribution is well illustrat- 
ed by Figs. 48 and 50, which were taken at the same nom- 
inal point of cut-off, but as the two pairs of cards are ap- 
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parently from opposite ends of the cylinders, it is probable 
tliat the great increase in compression shown in Fig. 50 is 
partially due to irregularity in the valve motion. The mean 
pressures in these diagrams and the percentage of the total 
work done in the high-pressure cylinder are as follows, the 
pressures being taken from the tables in the Revue, as pre- 
viously noted: 

Mean pressure. Per cent, of work 
H. p. L. p. done in h. p. 

Fig.47 79.36 30.87 46.2 

•^48 63.01 21.76 49.1 

" 49 61.20 15.36 62.6 

" 60 36.84 15.2« 44.7 

•* 61 31.86 9.53 62.7 

This locomotive has been carefully tested in comparison 
with a simple locomotive belonging to the same original 
class, and the results are recorded at considerable length in 
the issue of the Revue, to which reference has already been 
made. The compoimd hauled trains about 12 percent, 
heavier than the simple locomotive, with a noticeable sav- 
ing in fuel, while with trains of the same weight the saving 
in fuel, as reported by Mr. Du Bousquet, was from 18.5 to 
25.8 per cent. The average of five tests is 21.9 per cent. 



Comparative Summary.— Having discussed the theoreti- 
cal principles of the several forms of the compound engine 
which are applicable to locomotives, and having called at- 
tention in detail to the numerous conditions which control 
the application of these principles, we will now present a 
summarized statement of the factors which require special 
care in the design of compound locomotives, and will call 
attention to some minor points which have not been 
touched upon in the preceding chapters. 

It has been shown that the first requisite in attempting 
the design of a compoimd locomotive is detailed informa- 
tion concerning the work which is to be demanded of the 
engine. This is necessary in the first place, because the 
chief object in introducing compoimd locomotives is econo- 
my, which can be secured in any engineering work only 
with full and accurate knowledge of the subject in hand, 
and in the second place, because, as we have seen, the 
compoimd engine is not as flexible as the simple engine, 
although it is sufficiently elastic to be successfully used for 
any class of railroad work when originally intended for 
that service. 

In the selection of a type of engine there will generally 
be considerable opportunity for individual preference. 
The two-cylinder type is unquestionably the simplest, but 
the large dimensions of the low-pressure cylinder, for a 
locomotive, may make the adoption of one of the other 
forms desirable. If the two-cylinder type is chosen, there 
is still room for individual opinion in the selection of a 
form of starting gear and in the determination of the size 
of cylinders, which will depend to a certain extent upon 
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the nature of the starting mechanism. Assuming that the 
maximum cylinder power as a compoimd is to be fully 
equal to the adhesion under the most advantageous circum- 
stances, the conditions are about as follows : With a start- 
ing gear consisting of simply a valve and connections for 
admitting steam at reduced pressure to the receiver, the 
locomotive in effect starts as a compoimd, and the cyl- 
inders must be proportioned on that basis. But on the 
other hand, the cylinders must not be made so large that 
it will be necessary to cut off very early, or to reduce the 
initial pressure much by throttling, in those cases in which 
the tutal pressure required on the pistons is comparatively 
small, as, for example, when simply maintaining speed on 
a level track. The final pressure in the low-pressure cyl- 
inder must not be permitted to fall below the atmospheric 
pressure, and the engine should be proportioned to do the 
greater part of its work, according to Mr. von Borries, «,t 
from 0.3 to 0.4 cut-off in the high-pressure cylinder. 

If an automatic intercepting valve is used, the effective 
pressure per square inch of piston may be increased in 
starting, but the locomotive will begin to work as a com- 
pound after from one-half to one and one-half revolutions 
of the driving wheels, depending upon the positions of the 
pistons, and the form and proportions of the intercepting 
valve, starting Valves, and passages. The cylinders must 
be proportioned to do the maximum workwhich may be re- 
quired after compound working begins. If the original 
Mallet system is adopted, the locomotive can be worked as 
a simple engine as long as desirable, and the cylinders may 
be made somewhat smaller than with the other starting 
devices. This system appears to be specially applicable lo 
converted engines, as one cylinder may be retained for the 
high-pressure cylinder without necessary increase in boiler 
pressure. 

In t\^ o-cy linder.engines the total work can be very nearly 
equally divided between the cylinders by arranging the 



COMPOUND LOCOMOTIVES. 145 

valvo gear so that the cut-oflf in the high-pressure cylinder 
is somewhat earlier than that in the low-pressure. The 
turning moment on the driving axle will be more nearly 
constant in a well-proportioned two-cylinder compound 
than in a simple locomotive, because for the same mean 
effective pressure the cut-off in each cylinder of the com- 
pound will be later than in the simple engine. This possible 
advantage may be lost by improper valve adjustments 
which permit excessive compression and a very unequal 
division of work between the cylinders. 

To avoid excessive compression, particularly^in the high- 
pressure cylinder, with the ordinary link motion, inside 
valve clearance, considerable lead, and large cylinder clear- 
ance may be necessary. The question of the proper amount 
of compression in order to secure the most economical 
results is one which need not be discussed in this connec- 
tion, as the problem which confronts the designer of 
compound locomotives is how to prevent the pressure at 
the end of the compression from exceeding the initial press- 
ure. 

The tandem form of four-cylinder compound locomo- 
tive would seem to be next to the two-cyUnder type in 
simplicity. The number of pistons is doubled but the 
steam distribution on each side of the engine may be con- 
trolled by one valve, and there is no increase in the number 
of connecting-rods, eccentrics, etc. The additional com- 
plication is almost entirely in the valves, ports, and cylin- 
ders, and not in the driving connections, so that while the 
first cost will be greater, there is little reason to anticipate 
much increased cost for repairs. In the design of tandem 
engines the factors which demand special attention are the 
probable increase in the weight of cylinders, the compres- 
sion in the high-pressure cylinder, the drop in pressure be- 
tween tlie cylinders, the increased weight of reciprocat- 
ing partS; and the protection of the cylinders from loss by 
radiation. The last item is specially important in this class 

10 
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of engines as there is no opportunity for drying out the 
steam between the cylinders. The division of work be- 
tween the cylinders is comparatively unimportant. The 
great advantage of this arrangement of cylinders lies in 
the opportunity which it affords for the realization of great 
power together with economy without the employment of 
exceedingly large cylinders and with but two sets of rods, 
links, eccen tries, etc. The problem of starting power offers 
no difficulties in this type of engine. 

The three and four cylinder compound locomotives with 
receivers h^ve many points in common with the two- 
cylinder form. The sole advantage of the Webb engine 
appears to be the absence of coupling rods. The three- 
cylinder type, having one high-pressure cylinder and two 
low-pressure cylinders, together with the fouivcyKnder 
receiver engines, have the advantage of a very uniform 
turning moment and an excellent balance, with the disad- 
vantage, common to all these forms, of much complication 
and consequent increased first cost and expense of mcun- 
tenance. 

Piston Speed— Weight of Reciprocating Parts.— It 
has been urged by opponents of compound locomotives 
that, while there are admitted advantages in compound 
working with the " slow piston speeds " found in marine 
and stationary engines, the high piston speeds foimd in 
locomotives make compounding a doubtful experiment. 
As a matter of fact, there are large triple expansion marine 
engines running at piston speeds of over 800 feet per 
minute. The piston speed attained by the quadruple expan- 
sion engines of the torpedo boat ** Gushing" was 925 
feet per minute on her trial, and the speed of 
pistor.s of the triple expansion engines of a recent Turkish 
torpedo boat is given as 936 feet per minute on a trial trip. 
If these speeds are practicable with triple and quadruple 
expansion engines, there does not appear to be any good 
reason for doubting the practicability of speeds of 1,100, or 
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even 1,400 feet, with compound engines. Thtre is im- 
doubtedly a maximum limit to piston speed, and it is 
lower for compound engines than for simple engines using 
the same boiler pressure. But the limit is sufficiently high 
to be comparatively unimportant to the designer of loco- 
motives. The cause which limits the speed is the weight 
of the reciprocating parts. In an engine working at a 
speed of 260 revolutions per minute, the reciprocating 
parts must be started from a state of rest at the beginning 
of each stroke, and their speed accelerated to about 26 
feet per second during approximately a half stroke, which 
occupies about 0.06 second. The method of calculating the 
necessary steam pressure per square inch of piston to 
produce this acceleration need not be explained in these 
pages, as it does not relate distinctly to compound 
locomotives. A very full and complete discussion 
will be found m a paper by Mr. D. S. Jacobus, 
in Vol. XI. of the Transactions of the American 
Society of Mechanical Engineers. Taking Mr. Jacobus' 
figures, the pressure per square inch of piston for a loco- 
motive having a cylinder 18^ inches in diameter and 24 
inches stroke, required to overcome the inertia of the recip- 
rocating parts and accelerate them at 250 revolutions per 
minute, varies from about 55 pounds at 10 degrees from 
the dead point to at about 80 degrees. The work stored 
m the reciprocating parts during the first half of the stroke 
is of course transmitted to the crank-pin during the last 
half of the stroke, but the effective pressure on the crank- 
pin during the first half stroke is only that due to the dif- 
ference between the apparent pressure as shown by the in- 
dicator card and that necessary to accelerate the recipro- 
cating parts. It is evident that if the pressure of the 
steam on the piston is just equal to that required for ac- 
celeration at any position of the piston, no pressure will be 
transmitted to the crank-pin at that point in the stroke, 
and that if these pressures are equal during the period of 
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acceleration, all pressure which is transmitted to the 
crank-pin d urine: the stroke will be during the second half 
stroke. The maximum piston speed of the engine will 
then be practically not far from that at which this occurs. 

The pressure necessary to produce acceleration varies 
directly as the weight of the reciprocating parts, and as 
the square of the speed of rotation. The possible means of 
reducing this pressure are therefore to make the recipro- 
cating parts lighter, or the driving wheels of greater 
diameter. How much the distribution of pressures on the 
crank pins will be affected by such changes is a question 
which must be solved by the designer in each case, and it 
is a factor which is worth careful consideration, more on 
account of the crank pin pressures than on account of the 
limitations of speed. A considerable reduction in weight 
is effected by the use of steel wherever practicable for the 
reciprocating parts, and the adoption of the most economi- 
cal shapes for connecting and coupling rods. In this con- 
nection the illustrations of recent two-cylinder com|X)und 
locomotives in Engineering for Feb. 1, 1889, June 21, 1889, 
and Feb. 7, 1890, are worthy of careful consideration. 

Economy. —The principal reasons why a compoimd loco- 
motive should be more economical than a simple locomo- 
tive may be briefly summarized as follows: More economical 
use of steam by greater expansion; reduced loss from cylin- 
der condensation: better steam distribution on account of 
later cut-offs, and decreased demand upon the boiler. The 
commercial economy of the locomotive is the combined re- 
sult of these causes and also frequently includes a gain by 
reason of the increased boiler pressure. It is probable that 
we may add to the above reduced cost of repairs on ac- 
count of less rapid depreciation of the boiler and more 
uniform strains on pins and axles. The gain by greater ex- 
pansion and less loss by cylinder condensation is common to 
all multiple-cylinder engines, and the reader is referred to 
works on the theory of the steam engine for detailed dis- 
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cussion of these subjects. Among the many books which 
are valuable may be mentioned, in addition to those pre- 
viously referred to in these pages, **The Steam Engine," by 
Prof. W. D. Marks, and **The Steam Engine," by Prof. J. 
H. Cotterill. 

Tests in Russia.— Since the table of reports of com- 
parative tests of two-cylinder compound locomotives given 
in the Sixth Chapter was prepared, Mr. Thomas Urqu- 
hart. Locomotive Superintendent of the Grazi & Tsaritsin 
Railway, in Southeast Russia, has made public the results 
of his tests of compound locomotives in a paper read be- 
fore the Institution of Mechanical Engineers, England, 
which was published in full in Engineering of Feb. 21 and 
March 7, 1890. 

This paper is particularly interesting, as all of the en- 
gines tried were converted from simple engines, without 
increase of boiler pressure. The following is a brief ab- 
stract: 

An experimental converted engine was put to work in 
September, 1887, and on trials against a simple locomotive 
did the same work with a consumption of 22 per cent, less 
of petroleum refuse. This result was so satisfactory that 
other locomotives were converted, and in December, 1889, 
there were in daily use twelve six-coupled freight engines 
and three four-coupled passenger engines. It is intended 
to convert the remainder of the locomotives on the line to 
compounds as fast as the shop facilities will permit. The 
mean consumption of petroleum refuse per engine mile for 
freight engines for ten months of 1889 is given in a table 
as 30.65 pounds for simple locomotives and 25.4 pounds 
for the compound locomotives. The mean saving in fuel 
is therefore 17.1 per cent. From April to August, inclusive, 
the saving by five compound freight engines ranged from 
14.75 to 25.57 per cent., the average being 18.96 per cent. 
A compound passenger engine saved in the same period 
18.22 per cent. Mr. Urquhart's conclusion is that 18.5 per 
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cent, may be safely taken as the saving by compound com- 
pared with ordinary locomotives. In converting these loco- 
mo. ives one of the original cylinders was retained for the 
high-pressure cylinder, and the former boiler-pressure of 
135 pounds was also retained. 

Tlie dimensions of some of these locomotives are as fol- 
lows: Cylinders, 18^ inches and 25| inches in diameter by 
24 inches stroke; six coupled driving wheels, 51 inches in 
diameter; adhesion weight, 86 tons; tubes, 151, outside 
diameter, 2^ inches; length between tube plates, 13 feet 
iOi inches; heating surface, total, 1,281 square feet; grate 
area prior to using petroleum, IT square feet; Stephenson 
link motion; maximum travel of valves, 4f inches; angu- 
lar advance of eccentrics, 20 degrees; high-pressure valve, 
outside lap, 0.81 mch; inside clearance, 0.08 inch; low- 
pressure valve, outside lap, 0.67 inch; inside clearance, 0,0. 
The author found that a very small difference in lap, out- 
side or inside, amounted to a great deal in fuel consump- 
tion. In more recent locomotives the low-pressure link 
hanger has been made f inch longer than the high-pressure 
hanger. 

The starting gear adopted and illustrated is of the Mallet 
type, being wholly under the control of the engine runner. 
A cock is provided for admitting steam from the boiler to 
the receiver, and there is a separate exhaust from the 
high-pressure cylinder to the atmosphere, the exhauFit pipe 
being placed outside of tlie smoke box on the high-pressure 
side. The opening into this pipe is controlled by a plain 
disk valve, operated from the cab. A flap valve prevents 
the steam in the receiver from escaping back through this 
pipe or to the high-pressure cylinder, and is connected so 
as to be worked by the same lever as the above-mentioned 
exhaust valve. 

It was found by trials that these converted locomotives 
were capable of hauhng as heavy trains as the simple loco- 
motives. "With the reverse lever in the same notch in both 
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classes of engines, the power of the compound was found 
to be less than that of the simple engine, the difference in- 
creasing as the cut-off was made earlier, from 5 per cent, 
in full gear to 28 per cent, in the ** first notch" in the 
freight engines. The volume of the receiver was made 
equal to that of the high-pressure cylinder in the earlier 
engines and in the later designs was increased to 1.3 and 
then to 1.8 times the volume of the high-pressure 
cylinder, with good results. 

It may be well to note that there is nothing contradic- 
tory in these results of Mr. Urquhart's experiments to what 
has already been said concerning the power of two-cylinder 
locomotives. With the type of starting gear adopted, the 
engine cannot be deficient, in starting power if originally 
well proportioned, and after starting there is no difficulty. 
The mean pressure with any given cut-off in the high- 
pressure cylinder is necessarily less than in the simple en- 
gine with the same cut-off and the same boiler pressure, 
since the expansion is greater in the compound. 

Mention was made in a previous chapter of the reported 
advantage found by Mr. Urquhart in arranging the cranks 
so that the low-pressure led in forward motion, and the 
writer stated that the reason for the improvement in the 
steam distribution which was claimed was not apparent. 
The tables in Mr. Urquhart's paper show that in the two 
engines which were compared— one with the low-pressure 
crank leading and the other with the high-pressure leading — 
one high-pressure cylinder was 18.5 inches in diameter 
while the other high-pressure cylindnr was 18.11 inches in 
diameter, for the same notch in the quadrant the points of 
cut-off in the high-pressure cylinders were different, and 
in one engine the low-pressure cut-off was considerably 
later than the high-pressure, while in the other the distri- 
bution was very nearly the same in both cylinders. These 
points of difference are sufficient to vitiate the conclusions 
in regard to sequence of cranks. The only conclusion 
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which is apparent after a study of crank diagrams is that 
the sequence of cranks is of very little consequence. 

The following, from Engineering, referring to Mr. Ufqu- 
hart's tests, is worth noting : "His experience is especially 
valuable as the steam pressure has not been increased in 
the converted engines, and thus there is no fear that it 
may be argued the economy claimed for the compounding 
has been partially, if not wholly, due to another cause, 
i, e., the higher pressure. This is a line of argument with 
which marine engineers were very familiar at one 
time. Mr. Urquhart's experience is also valuable for 
another, and perhaps more, important reason. It is often 
claimed by those who do not believe in compounding loco- 
motives that the economy in fuel stated to be made is due 
more to the firing than to the system. . . . But Mr. Ur- 
quhart's locomotives are mechanically stoked — ^that is, they 
are worked with liquid fuel — so that the ordinary condi- 
tions of good or bad firing do not apply. Whether the 
* human factor' crops up in other directions we do not 
know. . . . The evidence in favor of the c ompoun d loco- 
motive, as being economical in fuel, is now of a very com- 
plete nature, and the 'human factor' argument is the 
chief one left to those who oppose the system." 



Amebican Patents. — There are apparently but few 
United States patents which bear on the subject of com- 
pound locomotives, and most of these are of very recent 
date. The following list includes all which the writer has 
been able to find which appear to be of interest to designers 
of compound locomotives, although it is not improbable 
that others exist, carefully hidden by the erratic style of 
indexing adopted by the Patent Office. No attempt has 
been made to determine the breadth of the claims in any 

case. 

H. D. Dunbar, No. 261,937, Sept. 26, 1882; 276.368, April 24, 1883. Slide 
valves for tandem compound engines. 

£. G. Davis, No. 274,571, March 27, 1883; 279,544, June 19, 1883. SUde 
valve for tandem compound engines. 

W. B & J. A. Johnson, No. 351,921, Nov. 2, 1886. Four-cylinder com- 
pound locomotive, with one receiver connected to all four- 
cylinders. 

T. W. Worsdell, No. 360,834, April 5, 1887. Compound engine with 
intercepting valve, substantiaHy as previously described. 

A. von Borries, No 361,471, April 19, 1887. Compound locomotive 
with intercepting valve, substantially as previously described. 

R. Lindner, No. 4* 4,295, May 28, 1889. Startmg gear for compound 
locomotives, substantially as previously described. 

R. H. Lapage, No. 405,569, June 18, 1889. Compound engine with 
intercepting and starting valve. 

R. H. Itapage, No. 405.570, June 18, 1889. Bogie compound locomo- 
tive with high pressure cylinders on main frames and low-press- 
tire cylinders on a bogi« truck, 

S. M. Vauclain, No. 406,011, June 25, 1889; 406,012. June 25, 1889. Four- 
cylinder compound locomotive with one or two piston steam-dis- 
tributing valves. 

A. J. Pitkin, No. 417,083, Dec. 10, 1889. Two-cylinder compound 
locomotive with piston intercepting valve. 

F. W. Dean, No. 433,164, July 29, 1890. Compound engine. 

The Dunbar System. — A four-cylinder compound loco- 
motive was built by the Boston & Albany Railroad Com- 
pany in 1883, under the Dunbar patents. The cylinders 
were 12 inches and 20 inches in diameter, by 36 inches 
stroke, and were arranged tandem with the high-pressure 
and low-pressure pistons on the same piston ,rod. The en- 
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gine could be worked compound or noa-compcnmd at will. 
After working about seven montJiB the locomotive waa 
changed to a simple engine as it was apparentl j no more 
economical than the simple locomodTes. It is stated that 
the ports were too small and that the inventor was absent 
during the trial. As the locomotive was an experiment it 
is not surprising under the circumstances that the results 
were unsatisfectory 
The Pitkin Type — A twocjlmder compound locomo- 




tive designed by Mr A J Pitkm and built at the Schenec 
tadj Locomotive Works was put to work on the Michigan 
Central Bailroid m September, 1889. The general arrange- 
ment of the cylinders and steam connections of this loco- 
motive is shown by Pig. 52. The distinctive feature of 
the engine is the intercepting valve, which is shown by Pig, 
53 which is a plan of the bushing which incloses the valve 
and by Pig. 54 which is a vertical section through the 
valve, bushing and saddle. 
The valve is shown in the position which it occupiee in 
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starting; that is, before compound working begins. In this 
position the ports c and d are closed by the intercepting 
valve and the connection between the low-pressure steam 
chest and the receiver is thus cut off. The small port a 
(Fig. 53) is connected by a pipe and a pressure-reducmg 
valve to the high-pressure steam pipe. By this means 
steam at reduced pressure is admitted to the space h and 
thence, as indicated by the arrow, to the low-press- 
ure steam chest. As the parts of the valve on either 
side of h are of different diameters, the pressure in this 
space tends to hold the valve in the position shown in Fig. 
54. When the locomotive starts, the high-pressure cylin- 
der exhausts into the closed receiver, and the back pressure 
thus created acts upon the forward end of the iulercepting 
valve by means of the passage shown at e. The pressure 
in the receiver rapidly increases untU the total pressure on 
the forward end of the valve is sufficient to overcome the 
total effective pressure at &, when the valve is forced to 
the back end of its stroke, the direct steam supply to the 
low-pressure cylinder is cut off and compound working be- 
gins. To prevent the valve moving too rapidly a dash-pot 
in the form of an oil cylinder, h, is added. The valve stem 
is continued through this oil cylinder and is connected by 
levers to an index in the cab which indicates the position 
of the valve. 

The locomotive fitted with this intercepting valve has 
now been at work for several months with apparently 
satisfactory results. While its fuel saving capabilities have 
been demonstrated, it has not been thoroughly tested against 
a simple locomotive of proper dimensions to make a satis- 
factory comparison possible. The dimensions of this loco- 
motive are as follows : 

Diameter of h. p. cylinder 20in. 

l.p. " 29in. 

Stroke of pistons 24 in. 

Ratio of cylinder volumes 2.1 

Size of steam ports, h. p 18 in. X IM in. 

" 1. p. 20in.X2j|in. 
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Size of exhaust ports, h. p — 18in.xS in. 

/* 1.P 20in.X3 in. 

Maximum travel of valves 6^ in. 

Lap of valve, h. p., outside 1 9i in. 

" " " inside — ^lin. 

Lap of valve, 1. p., outside liiln. 

" " ''inside -1-I6in. 

Lead, full gear 5-32 in. 

Number of drivint? wheels 6 

Diameter of driving wheels 68 in. 

Style of boiler , Wagon top. 

Diameter of shell outside first ring \ 68 in. 

Thickness of plates, steel 9-16 and Vi in. 

Size of firebox, inside. length 86 3-16 in.; width 42% in. 

Tubes, 247, 2 in. ; lensrth over tube sheets , 12 ft. 

Heating surface, tubes 1,540.3 sq. ft 

firebox 137.1 sq. ft. 

total 1,677.4 sq. ft. 

Gratesurface 28.5sq.ft. 

Tot€d weight in working order 126,800 lbs. 

** " on driving wheels 97,0001bs. 

T tal wheel base, engine 22 ft. 6 in. 

Driving wheel base 12ft.2in. 

Rigid wheel base . . 6 ft. 3 in. 

Total wheel base, engine and tender 48 ft. 

As built, the high-pressiire valve had neither inside lap 
nor clearance ; the low-pressure valve had ^ inch inside 
lap, and the lead of both valves was ^ inch. These pro- 
portions have been changed to those given in the table of 
dimensions. In addition to this, the volume of the receiver 
has been increased from that of the high-pressure cylinder 
to li that volume, and the high-pressure clearance has been 
increased from 8^ to 10 per cent, of the piston displacement. 
These changes were made after the indicator had demon- 
strated their necessity, and it will be seen they are entirely 
in accord with the proportions already recommended in 
these pages. Other locomotives of this type are now being 
constructed. 

The Vaucxjmn Type.— A locomotive of this type was 
built by the Baldwin Locomotive Works in the fall of 1889, 
and was put to work on the Philadelphia Division of the 
Baltimore & Ohio Railroad. The general arrangement of 
the cylinders and valve is shown by Figs. 55 and 56. Re- 
ferring to Fig. 55, /i is the high-pressure cylinder, I is the 
low-pressure cylinder, and v is the valve bushing. The 
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metbod by which the power from both cjlindera ia tiaiis- 
mitted through one crosa-head is shown in Fig. B6, which 




Fig. 56. 

also shows the direct connectiona of the valve. The 
Bteam distributing valve is a hollow piston 
valve, the action of which is illustrated by Fig. 
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S7, which representa a longitudinal sectioii through the 
valve and the high-pteeeure cylinder. Steam from the 
boiler enters the steam chest through the ports.il, A, and 
passee thence by the port B, as indicated by arrows, to one 
end of the high-pressure cylinder. The exhaust from this 
cylinder passes through the valve to the port C, and thus 
to the low-pressure cyhnder. The exhaust from the low- 
pressure cylinder passes around the outside of the central 
portion of the valve, as indicated, to the exhaust pipe. 




Fig. 57. 
The method of distribution thus resembles that with the 
Dudgeon slide valve, which was at one time used for 
marine compound engines. 

The feature of this design which at first glance would 
seem to be most open to criticism is the connection to one 
cross-head of two pistons of which the centers are about 18 
inches apart and on which the total pressure must vary 
considerably. To determine the amoi 
this diSerence of pressure vdth reasonable e: 
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amination of a large number of indicator cards taken 
simultaneously from both high and low pressure cylinders 
would be necessary. Some knowledge of the subject can, 
however, be gained from the examination of a few cards, 
and for this purpose the indicator diagrams shown in Fig. 
58 have been selected from a blue print sheet furnished by 
the builders of this locomotive. The data for these dia- 
grams are given as follows : 





Card 
No. 

1 

2 

3 

4 

Card 
No. 
1 
2 
3 
i 



Rev. per 
min. 
54 
218 
300 
150 

M. E. P. 
1^. cyl. 

27. 
16. 
24.5 



Fig. 58. 

Miles per 
hour. 
11 
44 
60 
30 

M. E.P. 

I. p. rcf. h. p. 

139 

75 

44 

68 



Cut-off 
h. p. cyl. 

20" 

17' 

17" 
9" 

Horse 
power. 
353.8 
836.7- 
753.2 
607.2 



M.E.P. 
h. p. cyl. 
100 
65 

47 
58 

Per cent, of 
work by 1. p. 

54 
48 
54 



In making this comparison it has been assumed that the 
diagrams from the two ends of the cylinders are alike in 
each case. The diagrams were divided by ordinates as in 
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Fig. 69, and the difference between the forward preeeure 
on one side of each piston and the back pressure on the 
other side was plotted for each ordinat*. A curve was thus 
established which represented the net effective pressare on 
each piston for various piston positions. Then the differ- 
ences of the ordinatea of these two curves gave the curves 
shown in Fig. 59. The numbers of the curves in this 




P^.59. 
diagram refer to the cortespondinglf numbered indicator 
' cards of Fig. 58, and the vertical distances above the base 
line A, A, represent the excess of the total pressure on the 
low-pressure piston above that on the high-pressure piston. 
Distances below thebaselinemean, of course, that tbetotal 
pressure upon the high-pressure piston exceeds that on the 
low-pressure piston. The scale of pressures is about nine 
thousand pounds to one inch, and the stroke is taken to be 
in all cases from right to left. It will be seen that the 
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greatest difference in pressure is for the diagram taken at 
slow speed and late cut-off, and that for high speed and 
early cut-off the difference is comparatively small. Also 
that, according to curves 2 and 3, the effect of higher 
speed and lower initial pressure with the same cut-off is to 
greatly change the amoimt and distribution of the excess 
pressure. The scale to which Fig. 59 has been constructed 
is not sufficiently large to make the results entirely 
trustworthy, but the curves are sufficient to show that 
the variation in total pressures at ordinary run- 
ning speeds is approximately 5,000 pounds. The 
tendency is to tip the cross-head, and hence to bring 
an additional bending load on the piston rod of the imder- 
loaded piston, which would apparently be most severe 
where this rod enters the cross-head. It does not follow 
that this fact is an argument against the adoption of this 
design, but simply that a varying load of, say, 5,000 
pounds acting with a leverage of about 18 inches, and hav- 
ing from 300 to 600 reversals per minute at ordinary speeds, 
is worth considering, and should be provided for in addi- 
tion to the usual stresses on piston rods. 

The principal dimensions of this locomotive are as fol- 
lows: 

Diameter of h. p. cylinders 12 in. 

Diameter of 1. p. cylinders 20 in. 

Stroke of pistons 24 in. 

Ratio of cylinder volumes 2,78 

Number of driving wheels i 

Diameter of driving wheels 66 in. 

Style of boiler Wagon top. 

Diameter of snell 58 in. 

Thickness of shell, steel Hin. 

Size of fire box length, 108 in.; width, 34 in. 

Tubes. 251, 2-in., length lift. 10 in. 

Total weight in working order 105,000 lbs. 

Total weight on driving wheels 75.000 lbs. 

Total wheel base, engine 21ft. lOin. 

Driving wheel base 71t, 6ln. 

Total wheel base, engine and tender 50 ft. 
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